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Dear Sir: 

This Appeal brief is filed in response to the Communication mailed on January 9, 2006 
requiring the Appeal Brief to be compliant with the format requirements of 37 C.F.R. §41.37(c). 
A Final Office Action was mailed on February 23, 2005 and a Notice of Appeal was filed on 
July 22, 2005 in this case. An Appeal Brief was timely filed with the required fees and a two- 
month Request for Extension of Time on November 22, 2005 in the above captioned patent 
application. Appellants hereby request consideration and appeal to the Board of Patent Appeals 
and Interferences from the final rejection in this case. 

The following constitutes the Appellants 1 Brief on Appeal. 
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I. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/941,992 recorded 
November 16, 2001, at Reel 012176 and Frame 0450. 

IL RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PRO809." There exist two related patent applications, (1) U.S. Patent Application 
Serial No. 09/991,073, filed November 14, 2001 (containing claims directed to PRO809 
polypeptides), and (2) U.S. Patent Application Serial No. 09/990,726, filed November 14, 2001 
(containing claims directed to antibodies to the PRO809 polypeptide). These two related 
applications are also under final rejection from the same Examiner and based upon the same 
outstanding rejection, therefore appeal of these final rejections are being pursued independently 
and concurrently herewith. 

III. STATUS OF CLAIMS 

Claims 122-126, 129-131 and 135-138 are in this application. 
Claims 1-123, 125-128 and 132-134 have been canceled. 

Claims 124, 129-131 and 135-138 stand rejected and Appellants appeal the rejection of 
these claims. 

A copy of the rejected claims in the present Appeal is provided in the Claims Appendix. 

IV. STATUS OF AMENDMENTS 

The claims involved in the appeal have been amended by an amendment filed 
concurrently with this appeal brief to cancel Claims 122-123 and 125-126. The claims listed in 
the Appendix incorporate this amendment. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated nucleic acid 

comprising: an isolated nucleic acid of SEQ ID NO: 222; the full-length coding sequence of the 

nucleic acid sequence of SEQ ID NO: 222; or the full-length coding sequence of the cDNA 
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deposited under ATCC accession number 203025 (independent Claim 124). The PRO809 gene 
was shown for the first time to be significantly amplified in human lung cancers as compared to 
normal, non-cancerous human tissue controls (Ct values of 1.05 -1.61, that is, 2.070 to 3,053 fold 
amplification). This is set forth in the specification, at least in the 'Gene Amplification assay/ 
Example 170, page 539, line 19, to page 555, line 5 (specifically, see Table 9A, page 550). The 
profiles of various primary lung tumors used for screening the PRO polypeptide compounds of 
the invention in the gene amplification assay are summarized on Table 8, page 546 of the 
specification. This feature is carried by all claims dependent directly or indirectly from 
Claim 124, namely, Claims 129-131 and 135-138. Methods for selecting a host are generally set 
forth in the specification at, for example, in Examples 140-143 and page 376, line 12 onwards 
(Claims 137-138), and describes the expression of PRO nucleic acids in various host cells, 
including E. coli, yeast and Baculovirus-infected insect cells. Methods for selecting a vector are 
generally set forth in the specification at, for example, on page 378, line 8 (Claims 135 and 136). 

Finally, the presently claimed nucleic acid sequence (referred to in the present application 
as "DNA59841-1460") is shown in the present specification as SEQ ID NO: 222 while the 
polypeptide encoded by this polynucleotide sequence is defined as SEQ ID NO: 223, and is 
further described in Figures 150 and 151, respectively. The isolation of cDNA clones encoding 
PRO809 of SEQ ID NO: 222 is described at least in pages 140-142 and in Example 64, page 454 
of the specification. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1. Whether Claims 122-126, 129-131 and 135-138 satisfy the utility/ enablement 
requirement under 35 U.S.C. §§101/112, first paragraph. 

2. Whether Claims 122-124 and 135-138 satisfy the written description requirement 
under 35 U.S.C. §112, first paragraph. 

3. Whether Claims 122-126, 129-131 and 135-138 are patentable under 35 U.S.C. 
§102(b) over clone H74302 (EST isolated by Hillier et al, 1995). 
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VIL ARGUMENTS 

Summary of the Arguments 
Issue 1: Utility/ Enablement 

Claims 122-126, 129-131 and 135-138 stand rejected under 35 U.S.C. §§101/1 12, first 
paragraph, as allegedly lacking either a specific and substantial asserted utility or a well 
established utility. 

The specification discloses that the gene encoding PRO809 showed amplification, 
ranging from 2.070 to 3.053 fold in different lung primary tumors . The Declaration of 
Dr. Audrey Goddard, submitted with Appellants 1 Response filed November 3, 2004, explains 
that a gene identified as being amplified at least 2-fold by the disclosed gene amplification assay 
in a tumor sample relative to a normal sample is useful as a marker for the diagnosis of cancer, 
and for monitoring cancer development and/or for measuring the efficacy of cancer therapy. 
Therefore, the gene amplification levels of 2.070 to 3.053 fold for lung primary tumors is 
considered significant. Hence, Appellants submit that one skilled in the art would find it more 
likely than not that PRO809 is useful as a diagnostic tool for detecting certain lung tumors. 

Thus, Appellants submit that, as any skilled artisan in the field of oncology would easily 
appreciate, not all tumor markers are generally associated with every tumor, or even with most 
tumors . Therefore, whether the PRO809 gene is amplified in few tumor samples or in the vast 
majority of tumor samples studied is not relevant to its identification as a tumor marker, or its 
patentable utility. Rather, the fact that the amplification data for PRO809 is considered 
significant is what lends support to its usefulness as a tumor marker. Thus, a positive result does 
indicate the presence of cancer, while a negative result requires further follow up testing, testing 
which is considered routine by one skilled in the art of oncology and is not considered undue. 

Appellants submit the art supports at least one utility for the PRO809 gene, that is, as a 
genetic biomarker for cancer or precancerous cells or damaged tissue. Appellants maintain that 
Sen et al and the art support the Appellants' position that aneuploidy may be a feature of either 
cancerous or pre-cancerous tissue or damaged tissue. For example, Hittelman et al. shows that 
"epithelial tumors develop through a multistep process driven by genetic instability" in damaged 
lesions. Therefore, even if the observed PRO809 gene amplification were due to chromosomal 
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aneuploidy (which Appellants do not concede), it would still support at least one utility for the 
PRO809 gene according to Hittelman, because it helps in identifying individuals at significantly 
increased cancer risk. Appellants also submit that one skilled in the art would clearly know that 
early detection of lung cancer would provide information in advance about risk assessment, 
prognosis and therapy for lung cancer. Accordingly, the instant polynucleotides find utility as a 
diagnostic for cancer or for individuals at risk for developing lung cancer. 

The Examiner further asserted on page 3 of the Final Office Action mailed 
February 23, 2004 that amplification of the PRO809 polynucleotide does not impart a specific, 
substantial, and credible utility since, "the literature cautions researchers from drawing 
conclusions based on small changes in transcript expression levels between normal and 
cancerous tissue." In support of this assertion, the Examiner cited reference Hu et al. 

First of all, the claims are directed to nucleic acids , not polypeptides, therefore, the issue 
of whether there is a correlation between gene amplification and polypeptide expression levels is 
irrelevant . One of skill in the art would understand how to use the claimed nucleic acids to 
detect amplification of the gene encoding PRO809, and how to use the gene amplification results 
to diagnose cancer. Thus, the question of whether or not PRO809 mRNA or polypeptide levels 
are also increased in these cancers has no relevance to the utility of the claimed nucleic acid 
molecules. Moreover, the teachings of Hu et al., do not conclusively establish a prima facie case 
for lack of utility. 

Instead, Appellants submit that based on the gene amplification data and the substantial, 
credible, asserted utility of the PRO809 gene in the diagnosis of lung cancer, one of ordinary 
skill would know exactly how to make and use these claimed nucleic acids for the diagnosis of 
cancers, without any undue experimentation. 

Issue 2: Written Description 

Claims 122-124 and 135-138 stand rejected under 35 U.S.C. §112, first paragraph, as 
allegedly lacking adequate written description for the claimed variant polynucleotides. 

Claims 122-123 have been canceled without prejudice or disclaimer. The polynucleotide 
sequence of SEQ ID NO: 222 claimed in Claim 124 has been reduced to practice. 
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Claims 135-138 depend from Claim 124 and therefore carry all the features of Claim 124. 
Methods for selecting a host are generally set forth in the specification, for example, in 
Examples 140-143 and page 376, line 12 onwards (Claims 137-138), which describes the 
expression of PRO nucleic acids in various host cells, including E. coli, yeast and Baculo virus- 
infected insect cells, and methods for selecting a vector are generally set forth in the specification 
at, for example, on page 378, line 8 (Claims 135 and 136). Accordingly, one skilled in the art 
would understand that the presently claimed invention of Claims 124 and 135-138 were reduced 
to practice at the time of filing of this application. 

Issue 3: Anticipation by Hillier et aU 1995 (EST clone H74302) 

Claims 122-126, 129-131 and 135-138 are rejected under 35 U.S.C. § 102(b) as being 
unpatentable over clone H74302 (EST isolated by Hillier et aL, 1995). 

Appellants submit that the Hiller EST clone does not disclose the entire nucleotide 
sequence of SEQ ID NO: 222 nor did they disclose that their EST was part of cDNA (see 
enclosed alignment Item 1, Evidence Appendix). Thus, Hillier et aL did not teach nor reduce to 
practice the nucleotide sequence of SEQ ID NO: 222. Accordingly, one of skill in the art would 
not have been able to envision the cDNA clone defined in SEQ ID NO: 222 and therefore, Hillier 
et aL does not anticipate the instant invention. 

These arguments are all discussed in further detail below under the appropriate headings. 

Response to Rejections 

ISSUE 1. Claims 122-126, 129-131 and 135-138 are Supported by a Credible, Specific and 
Substantial Asserted Utility, and Thus Meet the Utility Requirement of 35 U.S.C. 
§§101/112, First Paragraph 

The sole basis for the Examiner's rejection of Claims 124, 129-131 and 135-138 under 
this section is that the data presented in Example 170 of the present specification is allegedly 
insufficient under the present legal standards to establish a patentable utility under 35 U.S.C. 
§101 for the presently claimed subject matter. 

Claims 124, 129-131 and 135-138 stand further rejected under 35 U.S.C. §112, first 
paragraph, allegedly "since the claimed invention is not supported by either a specific and 
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substantial asserted utility or a well established utility for the reasons set forth above, one skilled in 
the art clearly would not know how to use the claimed invention." 

Appellants strongly disagree and, therefore, respectfully traverse the rejection. 

A. The Legal Standard For Utility Under 35 U.S.C. S 101 

According to 35 U.S.C. § 101: 

Whoever invents or discovers any new and useful process, machine, manufacture, 
or composition of matter, or any new and useful improvement thereof, may obtain 
a patent therefor, subject to the conditions and requirements of this title. 
(Emphasis added). 

In interpreting the utility requirement, in Brenner v. Manson, 1 the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 

2 

her invention, i.e., a utility "where specific benefit exists in currently available form." The 
Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 

3 

commerce rather than the realm of philosophy." 

Later, in Nelson v. Bowler! the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The Court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility." 5 

1 Brenner v. Manson. 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 
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In Cross v. Iizuka, the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 

7 

i.e., there is a reasonable correlation there between." The Court perceived, "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 

8 

practical utility." 

The case law has also clearly established that Appellants 1 statements of utility are usually 

9 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 

10 

burden to prove that Appellants' claims of usefulness are not believable on their face. In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

11 12 

the art to question the objective truth of the statement of utility or its scope." ' 



6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 

7 Id at 1050, 224 U.S.P.Q. (BNA) at 747. 

s id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 

11 In re Longer, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Jolles, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 
F.2d 974, 144 USPQ 351 (1965); In re Sichert, 566 F.2d 1154, 1159, 196 USPQ 209, 212-13 
(C.C.P.A. 1977). 
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Compliance with 35 U.S.C. §101 is a question of fact. The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the Appellant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Appellant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 

("Utility Guidelines"), 15 which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an Appellant has identified for the 
invention that can be viewed as providing a public benefit should be accepted as sufficient, at 
least with regard to defining a "'substantial" utility."' 16 Indeed, the Guidelines for Examination 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) 
cert, denied, 469 US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 

1992). 

15 66 Fed. Reg. 1092(2001). 

16 MJP.E.P. §2107.01. 
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of Applications for Compliance With the Utility Requirement, gives the following instruction 
to patent examiners: "If the Appellant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants respectfully submit that the data presented in Example 170 starting on 
page 539 of the specification of the specification and the cumulative evidence of record, which 
underlies the current dispute, indeed support a "specific, substantial and credible" asserted utility 
for the presently claimed invention. 

Example 170 describes the results obtained using a very well-known and routinely 
employed polymerase chain reaction (PCR)-based assay, the TaqMan™ PCR assay, also referred 
to herein as the gene amplification assay. This assay allows one to quantitatively measure the 
level of gene amplification in a given sample, say, a tumor extract, or a cell line. It was well 
known in the art at the time the invention was made that gene amplification is an essential 
mechanism for oncogene activation. Appellants isolated genomic DNA from a variety of 
primary cancers and cancer cell lines that are listed in Table 9 (pages 539 onwards of the 
specification), including primary lung and colon cancers of the type and stage indicated in 
Table 8 (page 546). The tumor samples were tested in triplicates with Taqman™ primers and 
with internal controls, beta-actin and GADPH in order to quantitatively compare DNA levels 
between samples (page 548, lines 33-34). As a negative control, DNA was isolated from the 
cells often normal healthy individuals, which was pooled and used as a control (page 539, 
lines 27-29) and also, no-template controls (page 548, lines 33-34). The results of TaqMan™ 
PCR are reported in ACt units, as explained in the passage on page 539, lines 37-39. One unit 
corresponds to one PCR cycle or approximately a 2-fold amplification, relative to control, two 
units correspond to 4-fold, 3 units to 8-fold amplification and so on. Using this PCR-based 
assay, Appellants showed that the gene encoding for PRO809 was amplified, that is, it showed 

17 M.P.E.P. §2107 11(B)(1). 
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approximately 1.05- 1.61 ACt units for lung tumors which corresponds to 2 1,05 -2 fold 
amplification in lung, or 2.070 to 3.053 fold in different lung primary tumors . Appellants submit 
that, one skilled in the art would find it more likely than not that PRO809 is useful as a 
diagnostic tool for detecting certain lung tumors. 

However, the Examiner states regarding the teachings of the Goddard Declaration that 
"the issue. . ..is not whether the technique is sensitive enough to detect a two-fold difference in 
amount of DNA, but rather that such was detected in only a minority of the tested lines of human 
lung tumor cell lines, which increase is likely to be due to anueploidy in the tumorous tissue, and 
is neither diagnostic of cancer, not evidence of overexpression, which is the actual presence of 
extra protein encoded by the nucleic acid." The Examiner further refers to Sen et ah (page 4 of 
the Final Office Action) to show that "cancerous tissues are known to be aneuploid" and that 
"pre-cancerous tissues may be aneuploid." The Examiner further states that the Ashkenazi 
Declaration is not persuasive because in the instant case "it has not been established that the 
changes in the amount of DNA were significant. They occurred in only a minority of 
samples... and cannot be considered to be diagnostic in the absence of significance, that is a 
statistically significant correlation between increased copy number and cancer. It remains 
that random aneuploidy is the most parsimonious explanation of the results in the specification" 
(page 4, third paragraph, lines 18-24; emphasis added). Appellants respectfully disagree. 

Appellants respectfully point out that the Declaration by Dr. Audrey Goddard presented 

in their response mailed provides a statement by an expert in the relevant art stating that "fold 

amplification" values of at least 2-fold are considered significant in the TaqMan™ PCR gene 

amplification assay. Appellants particularly draw the Board's attention to page 3 of the Goddard 

Declaration which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy number 
in the tumor sample relative to the normal sample serves as a basis for using 
relative gene copy number as quantitated by the TaqMan PCR technique as a 
diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least . 
2-fold by the quantitative TaqMan PCR assay in a tumor sample relative to a 
normal sample is useful as a marker for the diagnosis of cancer, for monitoring 
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cancer development and/or for measuring the efficacy of cancer therapy. 
(Emphasis added). 

Accordingly, the 2.070 to 3.053 fold in the different lung primary tumors would be considered 
significant and credible by one skilled in the art, based upon the facts disclosed in the Goddard 
Declaration. 

Further, as any skilled artisan in the field of oncology would easily appreciate, not all 
tumor markers are generally associated with every tumor, or even, with most tumors. In fact, 
some tumor markers are useful for identifying rare malignancies . That is, the association of the 
tumor marker with a particular type of tumor lesion may be rare, or, the occurrence of that 
particular kind of tumor lesion itself may be rare. In either event, even these rare tumor markers, 
which may not give a positive hit with most common tumors, have great value in tumor 
diagnosis, and consequently, in tumor prognosis . The skilled artisan would know that such 
tumor markers are very useful for better classification of tumors. Therefore, whether the 
PRO809 gene is amplified in a few lung tumors or in most tumors is not relevant to its 
identification as a tumor marker, or its patentable utility. Rather, whether the amplification data 
for PRO809 is significant is what lends support to its usefulness as a tumor marker. It was well 
known in the art at the time of filing of the application that gene amplification, which occurs in 
most solid tumors like lung and colon cancers, is generally associated with poor prognosis. 
Therefore, the PRO809 gene becomes an important diagnostic marker to identify such malignant 
lung or colon cancers, even if the malignancy associated with PRO809 molecule is a rare 
occurrence . Accordingly, the present specification clearly discloses enough evidence that the 
gene encoding the PRO809 polypeptide is significantly amplified in certain types of lung tumors 
and is therefore, a valuable diagnostic marker for identifying certain types of lung cancers. 

Further, Appellants had submitted the Ashkenazi Declaration to show that "detection of 

gene amplification can be used for cancer diagnosis even if the determination includes 

measurement of chromosomal aneuploidy." Regarding Sen, Appellants agree that aneuploidy 

can be a feature of damaged tissue as well, besides cancerous or pre-cancerous tissue, and may 

not invariably lead to cancer. In fact Appellants maintain that Sen et ah support the Appellants' 

position that aneuploidy may be a feature of either cancerous or pre-cancerous tissue or damaged 
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tissue. Further, the art shows that "epithelial tumors develop through a multistep process driven 
by genetic instability" in damaged lesions. Appellants provide a reference by Hittelman et ah 
(copy enclosed) to support this view. Hittelman studied damaged or premalignant lesions and 
suggests that epithelial tumors develop through a multistep process driven by genetic instability 
(see Hittelman abstract). Hittelman showed that a subset of the same molecular changes found in 
associated tumors were also found in premalignant lesions, suggesting that these premalignant 
lesions might represent precursor lesions for associated tumors, i.e., a manifestation of a 
multistep tumorigenesis process. (See Hittelman, page 4, last three lines). Appellants submit 
that there is utility in identifying genetic biomarkers in epithelial tissues at cancer risk (also see 
Hittelman, abstract, line 4-7). Hittelman adds on page 2, fourth paragraph, line 3 that "it is 
important to identify individuals at significantly increased cancer risk who might best benefit 
from different types of intervention." 

Taken together, even if the observed PRO809 gene amplification were due to 
chromosomal aneuploidy (which Appellants do not concede), such an observation would still 
support at least one utility for the PRO809 gene according to Hittelman, because it helps in 
identifying individuals at significantly increased cancer risk. Therefore, the art supports at least 
one utility for the PRO809 gene, that is, as a genetic biomarker for cancer or precancerous cells 
or damaged tissue. As one skilled in the art would clearly know, early detection of lung cancer 
provides information in advance about risk assessment, prognosis and therapy for lung cancer. 
Accordingly, the instant polynucleotides find utility as a diagnostic for cancer or for individuals 
at risk for developing lung cancer. 

Appellants also respectfully remind the Examiner that to overcome the presumption of 
truth that an assertion of utility by the Appellant enjoys, the Examiner must establish that it is 
" more likely than not " that one of ordinary skill in the art would doubt the truth of the statement 
of utility. The remarks in this rejection by the Examiner such as " (instant nucleic acid) cannot 
be considered to be diagnostic in the absence of significance, that is a statistically significant 
correlation between increased copy number and cancer " (emphasis added) are a clear indication 
that the Examiner applies a standard that might be appropriate, if the issue at hand were the 
regulatory approval of a diagnostic assay based on the overexpression of PRO809 in lung tumor, 
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but is fully inappropriate for determining if the "utility" standard of the Patent Statute is met. 
The FDA reviewing an application for a new diagnostic assay will indeed ask for actual 
numerical data, statistical analysis, and other specific information before a diagnostic assay is 
approved. However, the Patent and Trademark Office is not the FDA, and the standards of 
patentability are not the same as the standards for market approval. It is well established law that 
therapeutic utility sufficient under the patent laws is not to be confused with the requirements of 
the FDA with regard to safety and efficacy of drugs to be marketed in the United States. Scott v. 
Finney, 34 F.3d 1058, 1063, 32 USPQ2d 1115, 1120 (Fed. Cir. 1994). Indeed, in Nelson v. 
Bowler, 626 F.2d 853, 856, 206 USPQ 881, 883 (CCPA 1980), the Federal Circuit found that the 
identification of a pharmacological activity of a compound provides an "immediate benefit to the 
public" and satisfies the utility requirement. This logically applies to a diagnostic utility as well. 
The identification of a diagnostic utility for a compound should suffice to establish an 
"immediate benefit to the public" and thus to establish patentable utility for PRO809. 

C. A prima facie case of lack of utility has not been established 

The Examiner further cited Hu et al, to show that " the literature cautions researchers 
against drawing conclusions based on small changes in transcript expression levels between 
normal and cancerous tissues" (Page 3 of the Final Office Action mailed February 23, 2005). 

First of all, as discussed above, the increase in DNA copy number for the PRO809 gene 
is significant according to the Goddard Declaration. Moreover, the instant invention is directed 
to polynucleotides, not to mRNA or polypeptides. Hence, the teachings of Hu are not relevant to 
the instant invention. Furthermore, even if it was relevant, contrary to the Examiner's assertion, 
the cited Hu et al reference does not conclusively establish a prima facie case for lack of utility 
for the PRO809 molecule for the reasons outlined below. 

The Hu et al reference is entitled "Analysis of Genomic and Proteomic Data using 
Advanced Literature Mining" (emphasis added). Therefore, as the title itself suggests, the 
conclusions in this reference are based upon statistical analysis of information obtained from 
published literature, and not from experimental data. Hu et al performed statistical analysis to 
provide evidence for a relationship between mRNA expression and biological function of a given 
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molecule (as in disease). The conclusions of Hu et al. however, only apply to a specific type of 
breast tumor (estrogen receptor (ER)-positive breast tumor) and cannot be generalized to breast 
cancer genes in general, let alone to cancer genes in general. Interestingly, the observed 
correlation was only found among ER-positive (breast) tumors not ER-negative tumors." (See 
page 412, left column). v 

Moreover, the analytical methods utilized by Hu et al have certain statistical drawbacks, 
as the authors themselves admit. For instance, according to Hu et al, "different statistical 
methods" were applied to "estimate the strength of gene-disease relationships and evaluated the 
results." (See page 406, left column, emphasis added). Using these different statistical methods, 
Hu et al "[a]ssessed the relative strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation." (See page 411, left column). As is well known in the 
art, different statistical methods allow different variables to be manipulated to affect the resulting 
outcome. In this regard, the authors disclose that, "Initial attempts to search the literature" using 
the list of genes, gene names, gene symbols, and frequently used synonyms generated by the 
authors "revealed several sources of false positives and false negatives." (See page 406, right 
column). The authors add that the false positives caused by "duplicative and unrelated meanings 
for the term" were "difficult to manage." Therefore, in order to minimize such false positives, 
Hu et al disclose that these terms "had to be eliminated entirely, thereby reducing the false 
positive rate but unavoidably under-representing some genes." Id. (Emphasis added). Hence, 
Hu et al had to manipulate certain aspects of the input data, in order to generate, in their opinion, 
meaningful results. Further, because the frequency of citation for a given molecule and its 
relationship to disease only reflects the current research interest of a molecule, and not the true 
biological function of the molecule, as the authors themselves acknowledge, the "[Relationship 
established by frequency of co-citation do not necessarily represent a true biological link." (See 
page 41 1, right column). Therefore, based on these findings, the authors add, "[t]his may reflect 
a bias in the literature to study the more prevalent type of tumor in the population. Furthermore, 
this emphasizes that caution must be taken when interpreting experiments that may contain 
subpopulations that behave very differently." Id. (Emphasis added). In other words, some 
molecules may have been underrepresented merely because they were less frequently cited or 
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studied in literature compared to other more well-cited or studied genes. Therefore, Hu et al 's 
conclusions are not based on genes/mRNA in general 

Appellants submit that, based on the nature of the statistical analysis performed herein, 
and in particular, based on Hu's analysis of only one class of genes, namely, the estrogen 
receptor (ER)-positive breast tumor genes, the conclusions drawn by the Examiner, namely that, 
"genes displaying a 5-fold change or less (mRNA expression) in tumors compared to normal 
showed no evidence of a correlation between altered gene expression and a known role in the 
disease (in general)" is not reliably supported. 

In conclusion, when the proper legal standard is used, a prima facie case of lack of utility 
has not been met based on the cited reference Hu et al by the Examiner. 

Thus, based on the asserted utility for the PRO809 gene in the diagnosis of selected lung 
tumors, the reduction to practice of the instantly claimed nucleic acid sequence of SEQ ID 
NO:222 in the present application, the disclosure of the step-by-step protocols for making and 
isolating cDNA clones encoding PRO809 of SEQ ID NO:222 at least in Example 64, page 454 
of the specification, the disclosure of a step-by-step protocol for expressing PRO809 cDNA in 
appropriate host cells (in Examples 140-143 and page 376, line 12), the step-by-step protocol of 
the gene amplification assay in Example 170, the skilled artisan would know exactly how to 
make and use the claimed nucleic acids for the diagnosis of lung cancers. That is, Appellants 
submit that based on the detailed information presented in the specification and the advanced 
state of the art in oncology, the skilled artisan would not have found any experimentation 
associated with testing lung tumors, given the present disclosure, 'undue.' 

Therefore, since the instantly claimed invention is supported by either a credible, specific 
and substantial asserted utility or a well-established utility, and since the present specification 
clearly teaches one skilled in the art "how to make and use" the claimed invention without undue 
experimentation, Appellants respectfully request reconsideration and reversal of this outstanding 
rejections under 35 U.S.C. §101 and §112, first paragraph, to Claims 124, 129-131 and 135-138. 
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ISSUE 2. Claims 122-124 and 135-138 Satisfy the Written Description Requirement of 35 
U.S.C. $112, First Paragraph 

Claims 122-123 have been canceled without prejudice or disclaimer. The polynucleotide 

sequence of SEQ ID NO:222 claimed in Claim 124 has been reduced to practice and hence, this 

rejection directed to Claim 124 is improper. Claims 135-138 depend from Claim 124 and 

therefore carry all the features of Claim 124. Moreover, methods for selecting a host are 

generally set forth in the specification, for example, in Examples 140-143 and page 376, line 12 

onwards (Claims 137-138), which describes the expression of PRO nucleic acids in various host 

cells, including E. coli, yeast and baculovirus-infected insect cells, and methods for selecting a 

vector are generally set forth in the specification at, for example, on page 378, line 8 (Claims 135 

and 136). Accordingly, one skilled in the art would understand that the Appellants were in 

possession of the presently claimed invention of Claims 124 and 135-138 at the time of filing of 

this application. 

Accordingly, Appellants request reconsideration and reversal of this outstanding 
rejections under 35 U.S.C. §1 12, first paragraph, for lack of written description. 

ISSUE 3. Claims 122-126, 129-131 and 135-138 are not Anticipated Under 35 U.S.C. 
§102(b) by Hillier et q/./1995 (EST clone H74302) 

Claims 122-126, 129-131 and 135-138 are rejected under 35 U.S.C. § 102(b) as being 
unpatentable over clone H74302 (EST isolated by Hillier et al, 1995). 

Appellants submit that the Hiller EST clone does not disclose the entire nucleotide 
sequence of SEQ ID NO: 222 nor did they disclose that their EST was part of a cDNA sequence 
(see enclosed alignment Item 1, Evidence Appendix). Thus, Hillier et al did not teach nor 
reduce to practice the nucleotide sequence of SEQ ID NO:222 as disclosed in the present 
application. Further, one of skill in the art would not have been able to envision the cDNA clone 
defined in SEQ ID NO:222 from the teachings of Hillier and therefore, Hillier et al does not 
anticipate the instant invention. 

Accordingly, this rejection under 35 U.S.C, §102(b) should be withdrawn. 
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CONCLUSION 



For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. Moreover, it is 
respectfully submitted that based upon this disclosed patentable utility, the present specification 
clearly teaches "how to use" the presently claimed nucleic acid. As such, Appellants respectfully 
request reconsideration and reversal of the outstanding rejection of Claims 122-126, 129-131 and 



The Commissioner is authorized to charge any fees which may be required, including 
extension fees, or credit any overpayment to Deposit Account No. 08-1641 (referencing 
Attorney's Docket No. 39780-2730 PI CSS . 



HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650)324-0638 



135-138. 



Respectfully submitted, 



Date: January 23, 2006 
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VIII. CLAIMS APPENDIX 
Claims on Appeal 

124. An isolated nucleic acid comprising: 

(a) the nucleic acid sequence of SEQ ID NO: 222; 

(b) the full-length coding sequence of the nucleic acid sequence of SEQ ID NO: 222; 

or 

(c) the full-length coding sequence of the cDNA deposited under ATCC accession 
number 203025. 

129. The isolated nucleic acid of Claim 124 comprising the nucleic acid sequence of 
SEQ ID NO: 222. 

130. The isolated nucleic acid of Claim 124 comprising the full-length coding 
sequence of the nucleic acid sequence of SEQ ID NO: 222. 

131. The isolated nucleic acid of Claim 1 24 comprising the full-length coding 
sequence of the cDNA deposited under ATCC accession number 203025. 

135. A vector comprising the nucleic acid of Claim 124. 

136. The vector of Claim 135, wherein said nucleic acid is operably linked to control 
sequences recognized by a host cell transformed with the vector. 

137. A host cell comprising the vector of Claim 135. 

138. The host cell of Claim 137, wherein said cell is a CHO cell, an E. coli or a yeast 

cell. 
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IX. EVIDENCE APPENDIX 

1 . Alignment of the instantly claimed DNA 57836-1338 with EST sequence of 
Hillierefa/.,(H74302). 

2. Hittelman et al 2001, Ann. N.Y. Acad. Sci. 952: 1-12. 

3. Declaration of Audrey Goddard, Ph.D. under 35 C.F.R. §1.132, with attached 
Exhibits A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et al, "Simultaneous amplification and detection of specific 
DNA sequences," Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et al., "Oligonucleotides with fluorescent dyes at opposite 
ends provide a quenched probe system useful for detecting PCR product and 
nucleic acid hybridization," PCR Methods AppL 4:357-362 (1995). 

D. Heid, C.A. et al., "Real time quantitative PCR," Genome Res. 6:986-994 
(1996). 

E. Pennica, D. et al., "WISP genes are members of the connective tissue 
growth factor family that are up-regulated in Wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors," Proc. Natl. Acad. Sci. USA 
95:14717-14722(1998). 

F. Pitti, R.M. et al., "Genomic amplification of a decoy receptor for Fas 
ligand in lung and colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et al., "Novel approach to quantitative polymerase chain 
reaction using real-time detection: Application to the detection of gene 
amplification in breast cancer," Int. J. Cancer 78:661-666 (1998). 

4. Declaration of Avi Ashkenazi, Ph.D. under 35 C.F.R. §1.132. 

5. Hu ^ al., "Analysis of genomic and proteomic data using advanced literature 
mining," Journal of Proteome Research 2:405-412 (2003). 

6. Sen S., "Aneuploidy and Cancer", Current Opinion in Oncology, 12: 82-88, 

(2000). 

Item 1 is submitted herewith in response to the Examiner's request for an alignment of the 
claimed nucleic acids with the sequence of the EST clone (see page 6 of Final Office Action 
mailed February 23, 2005). 

Item 2 is submitted herewith to support Appellants' assertion based on the art. 

Items 3-4 were submitted with the Appellants' Response mailed on November 3, 2004. 
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Items 5-6 were made of record by the Examiner in the Office Action mailed June 30, 2005. 
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X. RELATED PROCEEDINGS APPENDIX 

None. 



SV 2181555 vl 

1/20/06 3:39 PM (39780.2730) 
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<first sequence: SS.H74302 (length = 582) 
<second sequence: ss.dna57836 (length = 992) 

<503 matches in an overlap of 562: 89.50 percent similarity 
<gaps in first sequence: 0, gaps in second sequence: 13 (20 bases) 
<score: 1385 (match = 3, mismatch = 0, gap penalty = 8 + 1 per base) 
<endgaps not penalized 

GenBank (Release 149, aug 2005)[Sep 20 13:36:56 2005]: 1 sequence found 

H74302 yu56cll.rl Soares fetal liver spleen 1NFLS Homo sapiens cDNA clone 

IMAGE:230132 5', mRNA sequence. 582 bp, 
mRNA, linear, EST 31-OCT-1995 

ACCESSION H74302 

VERSION H74302.1 GI : 1047713 

keywords EST; 5_prime. 

SOURCE Homo sapiens (human) 

ORGANISM Homo sapiens 

REFERENCE 1 (bases 1 to 582) 
AUTHORS Hillier,L., Lennon,G., Becker.M., Bonaldo,M. F. , Chiapeln,B., 
Chissoe,S., Dietrich, N., DuBuque,T. f Favello,A., Gish.W., 
Hawkins, M. , Hultman,M., Kucaba,T. , Lacy,M., Le,M. , Le,N. f 
Mardis,E., Moore, B., Morris,M., Parsons . J., Prange,C, Rifkin,L., 
Rohlfing,T., Schellenberg,K. , soares, M.B., Tan,F., Thierry-Meg, J . , 
Trevaskis.E. , Underwood,K. , wohldmann.P. , waterston,R. , Wilson, R. 
and Marra,M. 

TITLE Generation and analysis of 280,000 human expressed sequence tags 
JOURNAL Genome Res. 6 (9), 807-828 (1996) 
PUBMED 8889549 
COMMENT Contact: Wilson RK 

Washington university school of Medicine 

4444 Forest Park Parkway, Box 8501, St. Louis, MO 63108 

Tel : 314 286 1800 

Fax: 314 286 1810 

Email: est@watson.wustl.edu 

insert Size: 1114 

High quality sequence stops: 308 

Source: image consortium, llnl 

This clone is available royalty-free through llnl ; contact the 
IMAGE consortium (info@image.llnl.gov) for further information. 
Insert Length: 1114 Std Error: 0.00 
Seq primer: M13RP1 
High quality sequence stop: 308. 
FEATURES Locati on/Qual i f i ers 

source 1..582 

/orqanism="Homo sapiens" 

/moT_type= ,, mRNA M 

/db_xref="GDB: 3781228" 

/db_xref="taxon:9606" 

/clone="lMAGE: 230132" 

/sex= n male" 

/dev_stage="20 week-post conception fetus" 
/lab_host="DHlOB (ampicillin resistant)" 
/clone_lib="Soares fetal liver spleen 1NFLS" 
/note="Organ: Liver and Spleen; vector: pT7T3D (Pharmacia) 
with a modified polyl inker; Site_l: Pac I; Site_2: Eco Rl; 
1st strand cdna was primed with a Pac I - oligo(dT) primer 
[5' AACTGGAAGAATTAATTAAAGATC I I I 1 I I I I I I I I I I I I I I I 3'] , 

double-stranded cdna was li gated to Eco Rl adaptors 
(Pharmacia), digested with Pac I and cloned into the Pac I 
and eco Rl sites of the modified pT7T3 vector. Library 
went through one round of normalization. Library 
constructed by Bento Soares and M.Fatima Bonaldo." 

base count 



ORIGIN 



SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.H74302 
SS.DNA57836 

SS.DNA57836 



10 20 30 40 50 

CAGGAACTAGGAGGTTCTCACTGCCCGAGCAGAXGGCCCTACACCCACCGA 

********************************* ***************** 

GGCACGAGCCAGGAACTAGGAGGTTCTCACTGCCCGAGCAGA-GGCCCTACACCCACCGA 
10 20 30 40 50 

60 70 80 90 100 110 

GGCATGGGGCTCCCTGGGCTGTTCTGCTTGGCCGTGCTGGCTGCCAGCAGCTTTCTCCAA 

*************************************************** ******** 

GGCATGGGGCTCCCTGGGCTGTTCTGCTTGGCCGTGCTGGCTGCCAGCAGC-TTCTCCAA 
60 70 80 90 100 110 

120 130 140 150 160 170 

GGCACGGGAGGAAGAAATTACCCCTGTGGTCTCCATTGCCTACAAAGTCCTGGAAGTTTT 

************************************************************ 



GGCACGGGAGGAAGAAATTACCCCTGTGGTCTCCATTGCCTACAAAGTCCTGGAAGTTTT 
120 130 140 150 160 170 

180 190 200 210 220 230 

CCCCAAAGGCCGCTGGGTGCTCATAACCTGCTGTGCACCCCAGCCACCACCGCCCATCAC 

************************************************************ 

CCCCAAAGGCCGCTGGGTGCTCATAACCTGCTGTGCACCCCAGCCACCACCGCCCATCAC 
180 190 200 210 220 230 

240 250 260 270 280 290 

CTATTCCCTCTGTGGAACCAAGAACATCAAGGTTGCCAAGAAGGTGGTGAAGACCCACGA 

********************************* ************************** 

CTATTCCCTCTGTGGAACCAAGAACATCAAGGTGGCCAAGAAGGTGGTGAAGACCCACGA 
240 250 260 270 280 290 

300 310 320 330 340 350 

GCCGGCCTCCTTCAACCTCAACGTCACACTCAAGTXCAGTCCAGACGTGGCTCACCTAAT 

*********************************** ************ ********* * 

GCCGGCCTCCTTCAACCTCAACGTCACACTCAAGTCCAGTCCAGACCT-GCTCACCTACT 
300 310 320 330 340 350 

360 370 380 390 400 410 

TTATGGCCGGGCGTCCTCCACCTXAGGTGCCCATGTGGGACAGTTXCCAGGGTTACAGAT 

* ****************** ************ ******* * ** ******* 

T- -CTGCCGGGCGTCCTCCACCTCAGGTGCCCATGT-GGACAGT- -GCCAGGCTACAGAT 



360 



370 



380 



390 



400 



410 



420 430 440 450 460 470 

GCATTGGGGAGGTTGTGGTTCCAAGCCAGTGTXTGAGGTTGCGGGGXCAATTTXAATTTT 

*** **** * ***** ************* **** * ***** * *** 

GCACTGGG- -AGCTGTGG-TCCAAGCCAGTGTCTGAGCT- - - GCGGGCCAACTTCACTCT 
420 430 440 450 460 

480 490 500 510 520 530 

GXAGGACAGAGGGGXAAGGXCCAGGGTTXGGAGXTGATTTTGCCAGGXTTTTTAGGGXAG 
* ************ * * ******* **** *** * ******* * * *** ** 

GCAGGACAGAGGGGCAGGCCCCAGGGT- - GGAGATGA-TCTGCCAGGCGTCCTCGGGCAG 
470 480 490 500 510 520 

540 550 560 570 580 

TCCAATTATTXATCAAAAAGTTXATTTXGGGAAGXTTTGGXAAGGTTXAAT 

*** ** * * *** * * * * ****** ***** * 

CCCACCTA-TCACCAACAGCCTGA--TCGGGAAGGATGGGCAGGTCCACCTGCAGCAGAG 
530 540 550 560 570 580 

ACCATGCCACAGGCAGCCTGCCAACTTCTCCTTCCTGCCGAGCCAGACATCGGACTGGTT 
590 600 610 620 630 640 



SS . DNA57836 CTGGTGCCAGGCTGCAAACAACGCCAATGTCCAGCACAGCGCCCTCACAGTGGTGCCCCC 

650 660 670 680 690 700 

S S . DN A 5 78 3 6 AGGTGGTGACCAGAAGATGGAGGACTGGCAGGGTCCCCTGGAGAGCCCCATCCTTGCCTT 

710 720 730 740 750 760 

SS . DNA57836 GCCGCTCTACAGGAGCACCCGCCGTCTGAGTGAAGAGGAGTTTGGGGGGTTCAGGATAGG 

770 780 790 800 810 820 

S S . DN A 5 78 3 6 GAATGGGGAGGTCAGAGGACGCAAAGCAGCAGCCATGTAGAATGAACCGTCCAGAGAGCC 

830 840 850 860 870 880 

SS . DNA57836 AAGCACGGCAGAGGACTGCAGGCCATCAGCGTGCACTGTTCGTATTTGGAGTTCATGCAA 

890 900 910 920 930 940 

SS . DNA57836 AATGAGTGTGTTTTAGCTGCTCTTGCCACAAAAAAAAAAAAAAAAAAAAAAA 

950 960 970 980 990 
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Genetic Instability in Epithelial 
Tissues at Risk for Cancer 



WALTER N. HHTELMAN 

Department of Experimental Therapeutics, The University of Texas 
M* D. Anderson Cancer Center, Houston, Texas 77030, USA 



Abstract: Epithelial tumors develop through a multistep process driven by 
genomic instability frequently associated with etiologic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
The purpose of the studies reported here was to examine the nature of genomic 
instability in epithelial tissues at cancer risk in order to Identify tissue genetic 
biomarkers that might be used to. assess an individual's cancer risk and 
response to chemopreventlve intervention. As part of several chemopreventlon 
trials, biopsies were obtained from risk tissues (Le^ bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with prahallg* 
nancy) and examined for chromosome instability using in situ hybridization. 
Nearly all biopsy specimens show evi dence for chromosome instability 

throughout me exposed tissue, increased chromosome instability was observed ; ! Q 

With histologic progression In the normal to tumor transition of bead and neck f| 
squamous cell carcinomas. Chromosome instability was also seen in premahg- 

nant head and neck lesions, and high levels were associated with subsequent _ 
tumor development In bronchial biopsies of current smokers, the level of "" 
ongoing chromosome instability correlated with smoking intensity (e.g>, ' > 

packs/day), whereas the chromosome Index (average number of chromosome 1 
copies per cell) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths. In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome Instability; epithelial cells; aerodlgestive tract; 
chemopreyention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 

Epithelial cancers remain a major health challenge in the world Despite improve- 
ments in staging and the application and-inte^tion orsuigery r ra<Uotheia^ r aiKl 

chemotherapy, the 5-year survival rate for individuals with lung cancer is only about 
15%. 1 Even if strategies for early detection are successful and lung cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 

Address for correspondence: Dr. Walter N. Hittelmao, Department of Experimental Thera- 
peutics, The University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Blvd. (Box 
19), Houston, Texas 77030. Voice: 713-792-2961; fax: 713-792-3754. 

whittelm@rridanderson.org 
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associated with the problem of field cancerization. 2 Similarly, far individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%? Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in premalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. 

. Several problems confront cbemoprevention trials designed to identify effica- 
cious agents. 3 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received ^-carotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer/ This seriously limits the number of potentially useful 

Strateg i e s that ran hp.r.1inir.al1y PYplnrp/i A ftfxvm A prnhlpjn faring rhpt ^n p rewntinn 

trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment Part of 
the reason for this problem is that too little is known about the physiologic processes 
that drive epithelial cancer development 

In order to reduce the number of subjects and the time required to carry out 
chemoprevention trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identify individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoints of response that indicate whether the agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA dam age, and other measur es of intrinsic 
cellu^ factors can provide stad^callyTigjiuf^ 

. icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually fall in the range of 1.5 to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiently high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint 

Another approach to identifying individuals at increased cancer risk is to directly 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 
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(e.g M chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of preraalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplakia/erythroplakia, cervical intraepitheUal neoplasia). The conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessation of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia; 9 increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearlv half the newly diagnosed lung cancer cases in the USA 
occur in former smokers.' 1 

The development of assays to identify individuals at high epithelial cancer risk 
and to directly osstss response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible, minimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
-a ction of the c hem op reventiv c steategft— . 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if there are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g., adenocarcinomas), 
especially id former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

_ ^ ^ OK ofme aerodigestive^ 

tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) and is at increased risk for multistep tumor development 12 * 13 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 14 - 1 ?) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 Hie notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue or exfoKated cells where increasing degrees of histological abnormali- 
ties are observed over time. 18 

A working model for aerodigestive tract tumorigenesis is illustrated in FIoure 1. 
1\imorijgenesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g., chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would be expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Figure 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in FIGURE 1) carrying an accumulation of 
genetic changes important for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and multistep tum- 
origenesis model comes from many laboratories. 19 * 20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
i de n ti fi ca ti on of these snecific molecular changes h a ve now provided probes to 



explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21 - 24 Frequently, these premalignant lesions showed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e M a manifestation of 
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FIGURE I. Field cancerization and multistep tumorigenesis. 
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FIGURE 2. Multiple focal clonal evolution during multistep tumorigenesis. 



a multistep tumorigenesis process). For example, studies of the premalignant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dysregulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-(J, p53, and 
cyclin Dl) 25 " 28 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e M individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PCR, analysis of microdissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignant epi- 
thelium of individuals at increased risk for cancer. 29 " 31 For example, examination of 
bronchial biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21, or 
I7pl3) in at least one of six lung biopsy sites. On a per site basis, some form of LOH 
was observed in 25% of the sites examined. 29 

If aerodigestive tract cancer development reflects a field cancerization process 
involving roulti^ 

derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth, and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly, 
an active chemopreventive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, and increased epithe- 
lial growth regulation. 
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THE MEASUREMENT OF CHROMOSOME INSTABILITY USING 
CHROMOSOME IN SITU HYBRIDIZATION 

Molecular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that, are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial. A technique was there- 
fore needed' that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to have a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DNA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 

of tissues, including the aerodigestive tract 33 * 34 ■ 

Using probes that label the centromere regions of specific chromosomes, this 
assay permits determination of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the tumorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysomy), especially in tissue sections where 
nuclear truncation results in an under-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tumorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greater than 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysomy. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
trends have also been obs erved in ame nabl e ti ssue from o th er e pithelial malignan- 
cies, including cervix, bladder, and breast 35 These results thus suggested that the 
notions of field cancerization and multistep tumorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

Li the situations described above, the premalignant lesions examined might be 
considered to represent epithelium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the cancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. To explore this issue, we obtained biopsies during the course 
of leukoplakia chemoprevention trials exploring die use of 13-m-retinoic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (Le., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood of suffering early onset of head and neck cancer. 36 * 37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 
CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 

of&ese^tutiies^dabroBchiaUiopa 
within the lung, including the carina and at bifurcation points at the upper, middle, 
and lower right lung and at the upper and lower left lung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to in situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers. 39 Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least one biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined). 
These results suggest that the lungs of long-term smokers show significant evidence 
.irfgejJej^iAStaM 

bronchial tree, even when bronchial metaplasia is not evident. . 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. Evaluable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchial biopsies was 1.41 (range, 1.04-1.61) 



* ANNALS NEW YORK ACADEMY OF SCIENCES 

and the median chromosome polysomy index was 2.0% (range 0-8.7%). This can be 
Compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
fare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low; in mos t subjects and was less than the intersub- 
jcct variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a. per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1.43 vs. 1.43), 
and the degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-metaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
the presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
2,4% VS. 1 ,8%. P ~ 0.005). Thus , these chromosome instability assessments in cur- 
rent smokers appeared to reflect a more global process in the lung field. 

Tobacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in determining the relationship between individuals' smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p = 0.02 on a per site basis) and with the extent of tobacco exposure 
(pack-years, p = 0.003). Thus the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy, pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, p = 0.0001). 
Tliese results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult The working hypothesis is that 
those indiv iduals who accum ulate the highest degree of chromosome changes wjl) 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid cell 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. To determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
two, those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Simi- 
. larly, groups of cells with chromosome indices half mat of diploid populations could 
be marked as being part of a monosoraic clone, Itiis allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosomic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout the exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosomic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smoking cessation. This question was possible to examine because our 
third sequential chemoprevention trial involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their lungs. Despite the fact that the mean metaplasia index in this group is 5.8% 
(considerably less than that in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1 .4 with some individuals exhibiting chromosome indices as high as 1.8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. ' 



r SUMMARYAND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fields of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
of chromosome polysomy throughout the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instrinsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
random, biopsies may provide useful risk information for the exposed field as a 
whole. Even when carcinogen exposure is reduced or chemoprcventive strategies are 
initiated and histologic manifestations of the tumorigenesis process subside, the 
genetic scars of prior exposure remain in the form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract In this set- 
ting, the measurement of chromosome, instability in the target tissue will be useful in 
assessing cancer risk as welf as response to intervention. 
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Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: . . 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 200 1,1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
' forms part of this Declaration (Exhibit A). 
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Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al., Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al., PCR 
Methods AppI.. 4:357-362 (1995) (Exhibit C) and Heid et al., Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al., Prpc, 
Natl. Acad. Sci. USA 95(25): 147 17- 14722 (1998) (Exhibit E); Pitti et al., Nature 
396(67 12):699-703 (1998) (Exhibit F) and Bieche et al., Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al. have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al. studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al. used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown - 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker far the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. i declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



Date 



Audrey D. Goddard, Ph.D. 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 110 Congo St. 

1 DNA Way San Francisco - CA > 94131 

South San Francisco, CA, 94080 415.841 .9154 

650.225.6429 415.819.2247 (mobile) 

goddarda@gene.com agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 
2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

. Acquisition of clinical samples from Genentech* clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 

. Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: , ... 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 

1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 

TMTna^emlTt of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

. DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

. Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking; database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 
Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 

Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D, Sweeney 



University of Toronto 

Toronto, Ontario, Canada. 1989 

Department of Medical 

Biophysics. 

McMaster University, 

Hamilton, Ontario, Canada. 1983 

Department of Biochemistry 
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ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 
The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



1989-1992 
1983-1988 
1983 
1983 

1981-1983 
1981-1982 
1980-1981 
1979-1980 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P. Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone* insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S Ferrara N Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K Carlsson LMS Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 



Audrey D. Goddard, Ph.D. . . . page 5 of 9 



PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C. Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amho acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101:1 990-1 999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448.' 

Xie M-H Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K,' Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J Heldens S, Schow P, Goddard AD, Wood W I, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM Marsters SA, Lawrence DA. Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW Baldwin DT, Godowski PJ, Wood Wl, Gumey AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 
Pennica D Swanson TA, Welsh JW, Roy MA. Lawrence DA, Lee J, Brush J. Taneyhill LA, 
Deuel B Lew M Watanabe C, Cohen RL, Melhem MF. Finley GG. Quirke P. Goddard AD, 
Hillan KJ Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysacchande-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z. Yuan JQ, Goddard A, Adams CW. Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP. Pitti RM. Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J Murone M, Luoh SM, Ryan A. Gu Q. Zhang C, Bonifas JM, Lam CW, Hynes M, ■ 

Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 

mutations in sporadic basal-cell carcinoma. Nature. 391 (6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 

Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2UTRAIL 

contains a truncated death domain. Current Biology. 7(1 2): 1 003-1 006. 

Hynes M Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 

Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 

19:15-26. 

Sheridan JP Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R Hopwood N, Kaplan S 
Plotnick L Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Att.e. K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD Sherman D, Ho WH, Stone D, Bennett GL, Moffat B. Vandlen R, Simmons L. Gu Q, 
Honqo JA Devaux B, Poulsen K. Armanini M, Nozaki C, Asai N, Goddard A Phillips H 
HendeVson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts w.th 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 
Stone DM, Hynes M. Armanini M, Swanson TA, Gu Q, Johnson RL, Scott .MP Pennica D, 
Goddard A, Phillips H. Noll M, Hooper JE, de Sauvage F and Rosenthal A^ (1 996 > The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA. Sheridan JP, Donahue CJ. Pitti RM. Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3. a new member of the tumor necrosis factor receptor fam. y 
c^ntaTns a death domain and activates apoptosis and NF-kappa p. Current B,ology 6(12): 
1669-76. 

Rothe M Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
^ve^RAF-inFeracting. protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M Luoh SM. Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located 'at 47.8 min on the Escherichia coli chromosome encodes a penplasmic beta- 
glucosidase. Microbiology 142: 1659-65. , 
Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK. pp. 187-21 5. 
Treanor JJS. Goodman L. de Sauvage F, Stone DM, Poulson KT, Beck CD. Gray C Armanini 
MP Po locks RA, Hefti F, Phillips HS, Goddard A. Moore MW B ? -Bello.A. Davis AM Asa. N. 
Takahashi M. Vandlen R. Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD Gu Q Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW Moran P. Valverde J. Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A Henzel 
WJ HeffiVand Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD Zeigler-FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W (1995) 
Modular cioning of a ligand for the EPH-related receptor protein-tyros.ne kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huana X Yuang J, Goddard A, Foulis A. James RF, Lernmark A, Pujol-Borrell R, 
Rabinoviich A. Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD Yuan JQ. Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homo.og of the .eukemia-associated PML gene. Mamma/,an Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 
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JMULTANEOUS AMPLIFICATION AND DETECTION C 
SPECIFIC DNA SEQUENCES 

9#iOB. *Corrcsponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of etfaidium bromide 
BtBr) to a PCR. Since the fluorescence of 
StBr increases in the presence of double- 
stranded (ds) DNA an increase in fluores- 
cence in such a PCR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefit* t ? h cB ™" 
widely used m this setting even though « B 
four year, eioco thcrroQ*«U* DMA poty^r*-- 
W made PCR practical. Some of the reasons for Jts slow, 
acceptance are high cost, 1** of automation of P/^ and 
posc-PCR processing steps, and fake posibve 
Srryovcr-contaminition The &m two point* arc related 
in that labor is the largest contributor to cost « the present 
stage of PCR development. Most Current assavsrequ^e 
so£c form of "downstream" processing once 
chng is done in order determine whether the target 
DNA sequence was present and has amplified. Tftese 
tadudeDNA hybridation*-*, gel ekcrropboreMS with or 
without use of rUktfeft digestion':'. HPLC 9 , or capflary 
electrophoresis. These aeAod. are >^^"£ ^ 
low ihmughput, and arc difficult to automate. The third 
point is abo closely related to downstream processing. 
The handling of the PCX product in *>™"^, 
processes incites the chances that amphfied DNA will 
spread through the typing lab, resulting m a risk of 



'carryover" false positives in subsequent tesung . 

These downstream processing steps would be ekm)- 
nated rf specific amplification and detecuon of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m whkh such different processes take 
place without the need to separate reaction components, 
have been termed ^mogeneous'. No truly homoge- 
neous pCR assay has been demonstrated, to date, atehougn 
progress towards this end has been reported.- Chenab, et 
aj.™ developed a PCR product detection scheme using 
fluorescent primers that resulted in a rhwwcent PGR 
product AUde-specific primers, each with different Huo- 
restent tags, were used to indicate- the genotyp^ of the 
DNA. However, the unincorporated primers must still oe 
removed in a downstream process in order 
result- Recently, Holland, « al. l », developed 
iwruch the endogenous 5' <w>nudease assay of T*l DNA 
polymerase was exploited to cleave a fabelcd^gonucleo- 
Sde probe. The probe would only ckave »f PCR amplifi- 
cation had produced it* complementaiT 
arder to detect the cta^J^xlucts, however, a subsc- 

fa^evelo^a truly ^m°g cn « om 5 ssa yfS52 
and PCR product detection based upon tbc greatly 
ceased fluorescence that ethidium broinide_ and other 
DNA binding dyes exhibit when they ate bound to^s- 
DNA^ ,e . As outlined in Figure 1. a pioiotypK PCR 
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riQVRE 1 Principle of sixmHtancous amplification awldctt?c*i0.tt of 
PCR product: fcic coflipcamu of a ^^ 0 ^^. E ^^ l A a ^ 
tiuoTWxnx ^hned-£tBr itself, EtBrbound "><^^A or 
daPNA, There h a larec (Uwrcscencc fntoowx^j^wr is 
bound to PNA and htndir^M gi^catly enhanced ljtei DNA ^ 
double-HTaiwlcd. After suffioent <n>. ; cycto crfPGR. the net 
incrcaM in dspNA r«uks in additional EtBr binding and it net 
increase in total fluornsccncDi 
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product 



WWW 2 Gel electrophoresis of amplification products of ihc 
human , nuclear gene, HLA DQa, made in the pretence of 
increasing amounts of EtBr (up to ? M-g/ml). The presence of 
£tBr has no obvious effect on the yield or specificity of amplifi- 
cation. 
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ROOTS 3 (A) Fluorescence measurement* from PCRs that contain 
0.5 pgftn] ElBr and that are specific for Y~chrotno$on>c repeat 
*eqoetices. Five replicate PCRs were begun containing each of the 
DNA* specified. At each mcUcaxcd cyde, one of the five replicate 
r*CRs for each DNA -was removed from thcrmocydrng and Hs 
fluorescence measured, Unite of flucwecnee are arbitrary, (B) 
UV photography of PGR tube* (0.5 nil Eppcndorf-atylc poiypio* 
pyfcne m"uaxM»nirifu£c tubes) contenting reactions, those sta.tt> 
ing from 2 ng mate DNA and control reactions without any DNA, 
from (A), 
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begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from singrle-cell amounts of DNA 17 to 
micrograms per PGR* 8 * If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr hsclf, and EtBr bound to the stogk-etranded 
DNA primers and to the doublc^stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
dooblc^hcfc)* After the first denaturation cyde, target 
DNA will be largely single-stranded. After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much less than to d&DNA, the effect of this change on 
the total fluorescence of the sample is small The fluores- 
cence increase can be measured by directing excitation 
iLlumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
ding. 

RESULTS 

PGR in the presence of EtBr. In order to assess the 
affect of EtBr m FOR, amplifications of the human HI <A 
DQjx gene >9 were performed with the dye present at 
concentrations from 0,06 to 8.0 iigfrtd (a typical concen- 
tration of EtBr used in staining of nucleic actds following 
get electrophoresis is 0*5 u.g/rn[). As shown in Figure 2, ge} 
electrophoresis revealed little or no difierence in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR, 

Detection of human Y-chromownws specific se* 
onenees- Sequent-specific, fluorescence enhancement of 
EtBr ax a result of PGR was demonstrated in a scries of 
amplifications containing 0,5 u.g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
V-chromosomo 20 - These PCRs initially contained cither 
60 ng male. 60 ng female, 2 ng mak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
IV, 21* 24 and 29 cydes of therniocyding, a PGR for each 
DNA was removed from the thermocyder, and its fluo- 
rescence measured in a spectroffoorotneter and plotted 
vs. amplification cyde number (Fug. 3 A), The shape of this 
curve reflects the feet that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number: 
As shown, the fluorescence increased ahovjt three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not sigiiificandy increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The mon* male DNA 
present to begin whb— 60 ng versus 2 ng— the fewer 
cydes were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that Me DNA synthesis took, place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transuhnninator and photographing them through a red 
filter. This is shown in figure SB for the reactions thai 
began whh 2 ng male DNA and those with no DNA. 

Detection of specific allele* of the human ft-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a dttccxion 
of the sickle-ceil anemia mutation was performed. Figure 
4 shows the fluorescence from completed axapBficatio*)* 

containing EtBr (0.5 ngfml) ** detect^ by photography 

of the reaction tubes on a UV transilluminator. These 
reactions were performed using- primer* specific for ei- 
ther the wild-type or sickle-ceil mutation of the human 
p-globin gene". The spedfidty for each allele is unparted 
by placing the sickle-mutation site at the terminal 3 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus am* 
piificatjc^t--can take place only if the 3' nucleotide of the 
primer is complementary to the 3^obin allele present * - 
Each pair ot amplications shown in Figure 4 consists of 
a reaction with either the wihJ'type allele specific (left 
tube) or skklc-alleie specific (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wild-type p-globin individual (AA); from a heterozygous 
sickle ^gk>bin individual (AS); and from a homozygous 
sickle p-globm individual (SS). Each DNA (50 ng gertomK 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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rtf reactions each). The DNA .type vas reflected in the 
Ijatrve fluorescence intensities in each pair of completed 
r ^£cations. There was a significant increase in fluores- 
ce only where a ^globin aDele DNA matched the 
orimcr »ct. When measured on a spcctrofitiorometcr 
Mata not shown), this fiuorcsccixcc was about three times 
JjL present in a PGR where both p-globm alleles were 
mismatched to the primer set* Gel electrophoresis (not 
£ oWtl ) established that thi* increase in fluorescence was 
Ant to the synthesis of nearly a microgram of a DNA 
Lament of the expected size for p^lobtn. There 
itdc symhestt of dsDNA in reactions m which the aliele- 
-nedfic primer was mismatched to both alleles, 
* ConHmiow momtQTvatZ of a PCR» Using a fiber optic 
devfcer it is possible 10 direct ex<:italio11 illumination from 
<, qpectrofluorometer to a PGR undergoing thcrmocychng 
and to return its fluorescence to the Rpcctxoftuoromcter. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-concaining amplification of Y-chromo- 
some spcci6c sequences from 25 rig of human male DNA* 
shown in Figure 5. The readout from a control PCR 
*hh no target DNA is also shown. Thirty cycles of PCR 
verc monitored for each. 

The fluorescence trace as a function of ume clearly 
shows the efFect of the thermocyding. Fluorescence inten- 
sity rises and. falls inversely with temperature* The fluo- 
rescence intensity is minimum at the denaturalion len> 
oerature (94°Q and maximum at Ac ^neaUngtexten&ion 
temperature (50X). In the negative-control PCR, these 
fluorescence maxima and minima do not change signm- 
csmdy over the thirty thermocyclefi, indicating that there is 
fttic dsDNA synthesis without the appropriate target 
DNA, and there b little if any ble^rungof E*Br during 
the continuous illumination of the sample. 

In the PCR containing male DNA ( the fluorescence 
maxima at the annealing/extension temperature begm to 
increase at about 4000 second* of thcrroc*ythng, and 
continue to increase with rime, indicating that dsDNA is 
bcinc produced at a detectable leveL Note that the fluo- 
reseence minima at the denatuiatioo temperature do not 
flitmificantly increase, presumably because at this temper 
atTire there » no dsDNA for EtBr to bind- Thus the course 
of the amplification is followed by tracking the fluorcs^ 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel cl<**ropho- 
^showed * DNA fragment of the ocpectcd *xe for the 
male DNA containing sample and no detectable DIN A 
synthesis for the control sample. 

DISCUSSION , t . , 

Downstream processes such as hybndir^on to a se- 
QucncenRpedfic probe can enhance die specificity of DNA 
decevuwM by PGR* The ctinriuMtkm of d>cac procewco 
means that the specincity. of this homogeneous a55ay 
depends solely on ihat of FCtL In the case of f^ 1 ***" 
d£w, we have shown that PCR alone has sufficient DNA 

sequence Bpedfidty to V^AS^*™*^}^ 
appropriate amplification conditions, there is bide non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The %peeificity required to detect pathogens can be 
more or less than that required" to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a vind genome that can be at the level of a few copies 
per thousands of host cells 6 . Compared with generic 
screenine, which is performed on ceils sontaimng at least 
one copyof the target sequence* HIV detection requires 
both more speerfidty and the input of mote **** 
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UV photography of PCR tubes containing amplificatn>iis 
using EtBr th?t art specific to viW^rypc (A) or lidjk (S) alldes of 
the fiinnaD P-gloWn gene. The tej& oi each JC^ir of tubes contains 
aDele-tpedfic primers to the wild-type afldes. the ngWi lube 
primers to the skWe allele- The phmom^ph ukra after SO 
cycles of PCR, and the input DNAs and the alleles they comam 
*re mdk?t^ fifty tog of DNA was used to begin PCR Typing 
was done in triplicate (3 pairs of PC*/>) for each mpm DNA 
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was wed to carry cxdtauon hght to a ^F^^ 
emHted light back to a fluoromctcr (doc Experimental IWotoJ), 
Snptifica&n using human malo-I)N A specme onnTcr* ' n 
«arSff with 20 ng of human male DNA (topUjn a conW 
PCR Tnthcnn DNA. (bottom), were monrtorro. Thimcydes of 
PCR were foliowed for each, Tl»e temperature cycled bc^wecii 
94«C (denaturaticm) and 50*C (annealing and extension). Note m 
Se male DNA PCR,. the cycle (tune) decent mcreasc m 
fluorescence at the anrtcaHng/extenaion temperature, 
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DN A— up to microgram amounts-nil order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DMA m an amplification sitfH&eautly increases 
the background fluorescence over which any additional 
fluorescence produced by PGR must be detected. An 
additional complication that occurs with targets in tow 
copy-number is the formation of the ^rimer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete whh 
true PCR targets if those targets are rare, The primer- 
dimcr product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimcT amplification, we are investigating a nunv 
i*r of approaches, including the use of nested-primer 
amplifications that take place in a single tube 8 , and the 
"hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins**. Prclhnmary results using these ap- 
proaches suggest tbatprfoicr-dinEMnr b effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10 5 ceils. With larger number* of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To. reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' -add-on" to 
the oligonucleotide primer*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
thermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed PCRs is alreadyjpossiblc with existing irismi- 
mentation in 96-weil format** In this format, the fluores 
ccncc in each PCR can be quantitated before, after, and 
even at selected points during theriuocycung, by moving 
the rack of PCRs to a 96-microwcU plate fluorescence 

reader 20 . -11* 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during J>CR a fhiorpscence increase is detected- Prdinii- 
nary experiments <Wiguchi and DoHinger, manuscript in 
preparation) with continuous raonhoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
Vnown— as it can be in genetic scre^ning--^ontinuons 
monitoring may provide a means pf detecting fabc posi- 
tive and false negative result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
result* due to, for example,. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker Tcsults in a 
fluorescence increase only after a large number of cy- 
I cles— -many more than arc necessary to detect, a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event Before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcci&c DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
n applications that demand the high throughput of 
samples* 

EXPERIMENTAL PROTOCOL . . ^ 

Hamas HLA4>Q« go* ampKJkatfoas «mtammg EOJi. 
PCRs were set up in 100 |*l volumes confining 10 mM Tns-HCK 
pH 8.3; 50 mM RC1; 4 mM MgC^: ?iwb of Too DNA 
polymerase (FerVm*£}i«cr Ccma. Norwalk, CT); 20 pmdle each 
of human HtA-DQa gene specific oligonucleotide primers 
tmtb and GH27 19 and approjamsitely Mr copies of DQ& PCfc 
product diluted from a previous reaction. Ethidium bromide 
(EiBr; Sigma} was used at the concentrations indicated id Fi igure 
L Thermocyding proceeded for 20 evtles in a model 460 
OSermocvdcr (Perkin-Eltttcr Ccm*, Norwalk, CT) uan&a-stcp- 
cycle" program of 94*C for 1 mm-dcnaturaUon and wV> Tor JKJ 
sec. anneatog and 1VC for 30 sec. extension. 

Y^hiomoSrmc specific PCR. PCRs (100 \d total reactton 
volume) ecmtatmngi>J& >tg/ml EtBr were prepared as described 
for HLA-DQc*, except with different primert and target DNAs. 
These PCRs contained 1 5 pmolc each male DN A-spccific prtmm 
VI. 1 and V 1.2*°, and cither 60 ng male, 60 ugfemaie, 2 ng mak, 
or no human DNA. Thermocyding was M*CTor I nun- and SO^C 
for 1 aim using a "step-cycle* program. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. . 

Allcfc-spccific, human $coe PCR* Ampancauons of 

100 hJ volume' usotr 0-5 M^gAnl of XtBr were prepared a? 
described for HLA-DQ* above except with different primers anO 
target DNAs. These PCRs contained either .pnmer pair 'HOTO 
TO HA <wiUHype globin sped&c primers) or HGF2/HfU4S («ck- 
lc-ffiobin specific primers) at 10 pmole each pruncr per FCK, 
These primers were developed by Wu ct al- 1 . Three different 
target DNAa were used in separate amplifications— 60 ng eaea 0* 
human DNA that was homozygous for the sickle tr»H <SS). DNA 
that was heterozygous for the skkle traH (AS), or DNA that vrtta 
homozygous For dte w.t. gJoWn (AA). Thcxmocycfing was for ■» 
cycles at *TC for 1 mm. and 55*C for 1 min. itsu>|0 "^P^^ 
pVogram. Ananneahng temperature of 55<Ch*dhccn timm Jj 
Wu et aL ai to provide allcfc-spccinc awphfjcaUon. ^raplcted 
PCRs vcrc photographed through a red ftto /W^«»„™> 
af^ pladhg' the reaction twbe* atop a model TM^36 translHu^i- 
nator (UV-productS 

made oh PCRs containing EtJftr m a Huoroiog^ flttoron^ter 
(SPEX, Edison, NJ). ^citation was at the 500 nm band wun 
ihouTz nm bandwidth with *GG435 nrn cm^ff ^jMe)l« 
Crist. Inc., Indne. CA> to exduo^ second-order ^ ™™ 
y K ht was detected at 570 nm with a bandwidth of about 7 m An 
Ob 530 »m cut-off filter was used to remove lheotatauon hgit. 

CoDtlmtotiA RiK>retcence mrahormg of FCR, COf>nnuous 
monitorinK oiP a PCR in progress was accomplished using tnc 
^trofiulromeicr and seVin^desmboa above as weU as ^ 
fiberoptic accessory (SP£X cat. no. 1950) 10 both send outfanon 
ft^TtHed receive emitted Ught from, a PCR placed in a weU cf 
a model -tOO wermoeycicr (Pcrkm-Elmer Cetus). The prohc enu 
of the fiberoptic cable was attached with "5 mto utCHcpoxy to tttc 
open top of a PCR tube <a 0.5 ml poiypropytour ^ntrjtoetuDe 
wkh its Vap removed) efTeciively flc^ng it- The cxposecT top* 
the PCR tube and the end of the fiberopuc <^. w « 
from room light and the roOfO light* were kept dimmed durmg 
each run. The monitored FOR was an amplrftcauon of V-cbio- 
rnosdme-spednc repeat sequefices *. ^^ a ^V^JL^ 
utBijff an anneabnpVextenSKtt wmperauire of SOX. The racm» n 
was covered wrth^ii^rJd oil (2 drops) to prevent tva^rauon- 
Therroocydmg and fluorcsocncc rocasuremcnt yerc starred si 
multancously A tune-base scan with a 10 second mtegrabou tone 
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«aa uwsd and ihc embfcion Signal was ratioed to tbr excitation 
niffHAJ to control foe chatties in Jight*KHircc intensity. Data were 
^Icc^d using the dmSOOOf, version 2.5 (SPEX) data system. 

We ttaftk Bob Tone* for help with the spectrofluormetric 
ffMrctfrcmctus and HcatherbdJ Fonjy for editing this manuscript. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD- 14 molecule is* expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD -14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Binding-Pratein (LBP). me 
concentration of its soluble form is aftered under 
certain pathological conditions. There- is evidence for 
an important role of $CD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an ELISA for quantitative determination of 
soluble CD-14 in human serum, -plasma, cell-culture 
supernatants and other biological fluids. 
Assay features: 12x8 determinations 

(microliter strips), 

precoated with a specific 

monoctonai antibody, 

2x1 hour incubation, 

standard range: 3-96 ng/ml 

detection limit: 1 ng/m! 

C V: intra- and interassay < 8% 



For more information caH or fax 
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SIMULTANEOUS AMPLIFICATION AMD DETECTION C 
SPECIFIC DNA SEQUENCES 

* Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of etbidium bromide 
(EtBr) to a FCR. Since the fluorescence of 
EtBr increases in the presence of double- 
stranded (ds) DNA an incirease in fluores- 
cence in such a PCR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefit* oTPCR 1 to cUu- 
ittl c&gnostics arc well ku6wiy*-»it is soil not 
widely used in this letting, even tliough tt w 
four year* eiuco thcrro**t»W« DNA poty""*- 
««* made PCR practical. Some of the reasons for its slow, 
acceptance are high cost, 1** of aworna^^ pre, and 
post-PCR processing steps, and fefcc positive ^"'»J™I 
arryovCT-contaminadon. The first two points arc related 
in that labor is the largest contributor to costat the present 
jwee of PCR development. Most Current assays require 
so™ form of "downstream" processing once tbermocy. 
ding is done in order io determine whether the target 
UNA sequence was present and has ^upUM. These 
include DNA hybridiwuW* gel e^opborests with ^or 
without use of restriction digestion™, HPtC 9 , or capdUiry 
electrophoresis 10 . These methods are laboMntensc, have, 
low throughput, and arc difficult to automate. The third 
point is afao do*dy related to downstream processing. 
The handling of the PCR product in *™** 8, "» 
processes increases the chances that amplified DNA yaH 
spread through the typing lab, resulting in a risk ot 



"carryover'' false positives in subsequent testing • 

These downsueain processing steps would be elun> 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
place without the need to separate reaction components 
have been termed <Wogeneous-\ No truly ^™>gc-. 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
al.», developed a PCR product detection scheme using 
fluorescent primers that resulted in a fiowsscertt PCR 
product AU&c-specific primers, each with different Huo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still oe 
removed in a downstream process in order w wate the 
result Recently, Holland, et developc4 
which the endogenous 5' -exonudease assay of Taj DNA 
potymerase was exploited to cleave a labeled ^jpnucko- 
foi I probe. The probe would only ckxve >f PCR amplifi- 
cation had produced its coropletnentary sequence. Jo 
order to detect the cleavage products, however, a subse- 
quent process »s again needed. _ 

We have developed a truly homogeneou* assay for PGR 
and PCR product detection based upon the IF*?^ 
creased fluorescence that ethidium broitude and otner 
DNA binding dyes exhibit when they are Jboundh to^s- 
DNA ,4 - ,e . As outbned in Figure 1, a prototypic pgr 
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nCVRE 1 -Principle of simultancoua amplification and dcl«d*w>n of , 
PCR product The cDflipOQcnucfa PCR coowinh^ ^^rthat m 
fluoiwew aretoed-EiBr itself, EtBtbgund toother sDNA 
daDNA. There is a large fluorescence enhanouncflt ^hcnljJJr is 
bound to DNA and binding is greatly enhanced Tjrjcn DNA is 
douhte-sirandcd. After sufident <n) of PGR. Ac net 
incrcaM in dipNA r«uks in addrtional EtBr binding, and * net 
increase in total -fluorescence: 
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ROW X Gel electrophoresis of WSt amplification products of the 
human, nwefcar gene, HLA made in the presence of 

increasing amounts of EtBr (up 10 8 Wgtau). The presence of 
EtJJr ha* no obvious effect on the ykld or specificity of amplifi- 
cation. 





nftflff 3 (A) fluorescence measurement* from PCRs that contain 
0.5 ugfml EtBr and that are specific for Y^hj-otnosonoe repeat 
sequence*. Frvc replicate PCRs were begun containing each of the 
DNA* specified. At each indicated cycle, one of the five replicate 
PCRs for cacti DNA Wte removed from thcrrnocydxng and tts 
fluorescence measured, Unite of fluorescence Are arbitrary. (B) 
UV photography of PGR tube* (0,5 ml Eppcndorf^tylc, polypro- 
pylene tntcro-eetiirifua^ tubes) contenting reactions, those start* 
ing from 2 ng male DNA and control reactions without any DNA, 
from (A), 



414 



begins with primers that are ^gle-stranded DNA (ss* 
DNA), dNTPs, ami DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present.. This amount can vary, depending 
on the application, front single-cell amounts of DNA to 
micrograms per PCR> 6 , If EtBr is present, the reagent* 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the smgk^trandcd 
DNA primers and to the doublo^tranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doublc-hctU)* After the first denaturation cyde, target 
DNA will be largely singte-stranded. After a PGR is 
completed* the most significant change is the increase in 
the amount of dsDNA (the PCR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA# resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because tbc binding of EtBr to s&DNA 
is much Jess than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
ding. 

RESULTS 

PCR in the presence of EtBr. in order to assess the 
affect of EtBr in FOR, arrrpKfications of the human HI** 
DQa gene* 9 were performed with the dye present at 
concentrations from 0.06 to 8,0 p-g^u (a typkaj concen- 
tration of EtBr used in staking of nuetek acids following 
get c)cctrophoresis is 0.5 u.g/n?{). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of die amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does nor inhibit PCR, 

Detection; of hwrcin Y-chromoaora© specific tn> 
Sequent-specific, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a series of 
amplifications containing 0.5 u.g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc^- These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21, 24 and 29 cycles of thenuocycling, a FCR for each 
DNA was removed from the thermocyder, and its fluo- 
rescence measured in a spoctrofmorometer and plotted 
vs. amplification cyde number (Fig. 3A). The shape of this 
curve rcSccts the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not sigmficandy increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fine 
rescence. Gel electrophoresis on the products of these 
amplifications showed that DNA fragments of the ex- 
pectcd sue were made in the male DNA containing 
reactions and that Me DNA synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
bv simply laying the completed, unopened PCRs on a UV 
transilhiminatOT and photographing them through a red 
filter. This is shown in figure SB for the reactions thai 
began whh 2 ng male DNA and those with no DNA. 

Detection of specific allele* of the human $-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a dttcction 
of the skWe-cefl anemia mutation was performed* Figure 
4 shows the fluorescence from completed ampiificatiojij 

containing EtBr (0.5 HQ/ml) a* detected by photography 

of the reaction cubes on a UV transilluminaior. These 
reactions were performed using primers specific for ci- 
ther the wild-type or sickle-cell mutation of the human 
p-globin gene". The specificity for each allele is imparted 
by placing the sickle-mutation site at the terimnal 3 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus am- 
plification-^ take place only if the S' nucleotide of the 
primer is complementary to the p-gjtobin allele present . 

Each pair of amrimcations shown in Figure 4 consists ol 
a reaction with either the wild-type allele specific (left 
tube) or skklc-aUeie specific (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wad-type frglobin individual (AA); from a heterozygous 
sickle p~gk>bin individual (AS); and from a homozygous 
sickle p-Sobio individual (SS). Each DNA (50 ng genomje 
DNA to start each PCR) was analysed m tripKcate (3 pairs 



PAGE 3/6 * RCVD AT 7/19/2004 3:10:03 PM {Pacific Daylight Time] * SVR:SVCS01/0 * DNIS:6638 * CS1D:650952 9881 * DURATION (mm-ss):0446 



JUL-19-E004 13:51 FROM : GENENTr^^GflL 650 95S 9881 



ess the 
iHU 
sent at 
oncen* 
Jbwiaj 

ic yield 
Bv was 
ndicat- 

Se se. 
nent of 
:rics or 
>rmiets 
human 
cither 

* DNA. 
tfter 0« 
?r each 
cs fiuo- 
plotted 
: of this 
ease in 
)NA is 
umber. 
ec-foM 
on tah)* 
ncreasc 
b<x no 

* DNA 
t Fewer 
in fluo- 
f these 
the cx- 
.cai fling 
; in the 

talked 
naUV 
h a red 
•m that 

*ja. 

i-gjobin 
ich has 
etcctton 
. Figure 
ications 

>£r*phy 
. These 
: for cv 
human 
n parted 
ninal 3' 
: primer 
hus am- 
c of the 
em"-** 
nsist* of 
Ac (left 
: r Three 
>zygnus. 
ozygous 
ozygous 

'<S pairs 




:46638 



P:4 



f reactions each). The DNA type was reflected in the 
° have fluorescence intensities in each pair of completed 
^rdtfic^tions. There was a significant increase in fluores- 
ce only where a ^globin aQele DNA matched the 
turner j, c t. When measured on a spcctrcfltioronicter 
Mata not shown), this fluorescence was about three times 
5*t present in a FCR where both frtfobm alleles were 
^matched to the primer sen Gel ctectrophoresis (not 
JL W ii) established that this increase in fluorescence was 
Hue to the synthesis of nearly a microgram of a DNA 
Lament of the expected size for p-globin. There was 
itdc synthesis of dsDNA in reactions in which the aflete- 
-nednc primer was mismatched to both alleles* 
* Gonruwww rowhorfcog of a PGR. Using a fiber optic 
devker K is possible to direct excitation illumination from 
i spectrofluoTometer to a PCR undergoing thcrmocychng 
and to return its fluorescence to the f^ecromiorometer. 
The fluorescence readout of such an arrangement, di- 
rected *t an EtBr-containing amplification of Y-chromo- 
tome specific scqvenccs from 25 ng of human male DN>W 
is shown in Figure 5. The readout from a control FCR 
tfhh no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 4 fc 

The fluorescence trace as a function of time clearly 
shows the effect of the theraocyding. Fluorescence intcn- 
sdtv rises and. Calls mvcrsdy with temperature. The fluo- 
rescence intensity is minimum at the denaturalion tenv 
ocrature <94°C) and nraririiurn at the anneaUngtexteittton 
Snpcrawrc (50°C). In the negative-control fCR, these 
fluorescence maxima and minima do not change signm- 
candy over the thirty tberroocyde*, indicating that there is 
fade dsDNA synthesis without the appropriate target 
DNA, and there is little if any Wcaefringof EtBr during 
the continuous illumination Of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds of therroocychng, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable JeveL Note that the fluo- 
rescence minima at the denatoration temperature do not 
flignificandy increase, prCAiroaUy 
aturc there is no dsDNA for EtBr to bind. Thus ^e course 
of the amplification is followed by tracking the fiuorc* 
cence increase at the annealing temperature. Analysis of 
ihc products of these two amphficationsby gel electropho- 
resis 1 showed a DNA fragment of the expected si* for the 
male DNA containing sample and no detectable una 
synthesis for the control sampte. 

DISCUSSION 

Downstream processes such as hybridi7^on to ase 
ouence^pedfic probe can enhance tlie specificity of DNA 
deKt*vu 1» FCR. The chrab>»tk»n of theac process? 
means that the spcrifidty of this homogeneous assay 
depends solely on ihat of rOL In the case of 
di*wse, we have shown that PGR ak>oc has sufficient DNA 
flcqucnce spedfidty to permit genetic screening. Using 
appropriate amplification conditions, there is btUe non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The spedfidiy required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens m the sample and 
the amount of other DNA that must be taken with die 
sample. A difficult target is HIV, which retires detection 
of a viral genome that can be at the level of a few copies 
per thousand* of host cells*. Compared with genetic 
screening which is performed on ceils sontainmg at least 
one copy of die target sequence, HIV detection requires 
both more specTfidty and the input of more toraJ 
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mm A UV phcrtc^raphy of PCR tube* o^nin| ^pW<^iu 
using EtBr thM art specific to wiW^typc (A) or tt&t alleles of 
the human ^globin gene. The left^ of each pair of tubes contains 
^d*M*oSc primer* to the wild-type aBeles, the right tube 
primers to the skWe atWe- The ohmottraph ^.taken after SO 
cycles of PCR, and the mmit Dtfto an* tfie alleles ihcv contom 
indicated. Hfty ng of DNA wasused to begn ^Typm^ 
was done in trijtote (3 pair* of PCitt) for each mput DNA: 
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m*KS Continuous, rcal^e monftorm^of a ^^^fibcrc>pw 
washed to carry, cxdtatkm light to a ^^PT^p?^^ 
ernHted light back to a Buoromcter (bcc Exoerimcntal m*ocoj). 
^n^calcn using human malcDN A ^^P"^" » 
surfing with tO ng of human male ™AJW>4* »™ , 
PCR without DNA. (bottom), were : ^nrtorea, ^.^^ 
PCR were folWed for each. The temperature Cycled between 

i ^(de^turaticm)and50r.( 3 n^ 
the male DNA PCR, the cycle (time) depeoXJcnt mtJeasc m 

1 ftiiorescencc at the anneafing/extensKm temperature 
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DNA — lip to microgram amount»~Hn order to have suf- j 
fidcnt numbers of target sequences. This large amount of 
starting DNA m an amplication sig»itonUy increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected, An 
additional complication that occurs wiih targets in low 
copy-number is the formation of the *^rimer-climer" 
artifact. This is the result of the extension of one primer 
uaing the other primer m a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dimcr product is of coutsc d$DNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimcT amplification, we are investigating a num- 
ber of approaches, including the use of ncstcd-prtmer 
amplication* that take place in a. single tube*, and the 
4t hot-start", in which nonspecific araptifkatton is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 2 *. Preliminary resuks using these ap- 
proaches suggest thatprjOTcr^ijocr is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* crib. With larger number* of cctts, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' *add-on n to 
the oligonucleotide priiacr*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
thermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is already possible with ousting instru- 
mentation in 96-weJ! format**. In tliis format* the fluores- 
cence in each PCR can be ouantitated before, after, and 
even at selected points dunng therrnocyciing by moving 
the rack of PCRs to a 96-microwcJl plate fluorescence 
reader 2 *, . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure & shows that 
the larger the amount of starting target DNA, the sooner 
during VCR a fluorescence increase is detected. Prelimi- 
nary experiments {Wiguchi and DoUinger, manuscript m 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
V nqW a_^as it can be in genetic scTeening-rContinuoiis 
monitoring may provide a means of detecting fahc posi- 
tive and false negative results. With a known number of 
target molecules, a true posidve would exhibit detectable 
fluorescence by a predictable number of cydes of PCR, 
Increases in fluorescence detected before or after, that 
cycle would indicate potential artifacts, False negative 
results due to t for example,.inJubirion of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than are necessary to detect a true 



positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls rnay 
be important. In any event hefore any test based cm this 
principle is ready for the clinic, an assessment of its false 
posioWfalse negative rates wfll need to be obtained using 
a large number of known samples. 

In summary, the inclusion to PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
ihe PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR, 
n applications that demand the high throughput of 
sample** 

EXPERIMENTAL PROTOCOL . . ^ 

Human HLA-DQa geae *mpKf5e*Uons cfmtaining EtBr. 
PCRs were set up in 1 00 »4 volumes coniai ning 1 0 raM THs-HCK 
pH 8.3; 50 mM KC1; 4 mM MgCt M vnitt of To* DNA 
polymerase (PerUm-Elmcr Genu, Norwalfc, CT); 20 pinole each 
of human HtA-DQa gene specific olbronudcoctoe primers 
<>H26 and CH27 19 and apr^csomately W copies of DQfc PCR 
product dihrted from a previous reaction. Ethidium bromide 
(Etr>rj SigtwO was used M the concentrations indicated id Figure 
2. Thermocyding proceeded for 20 cycles in a model 4$0 
thcrmocydcr (Perkm-EJmer Ccw, Norvalk, CT) «finga"5tco- 
eyeje" program of 94*C for 2 mm. dcnaturaUon and 6Q"C for W 
sec annealing and 72°C for 30 sec. exiemioo, 

Y-chromosoxDe specinc PCR. PCR3 (100 ul total reaction 
volume) contaraineOJ* y&fm\ EtBr were prepared as described 
for HLA-DQo, except with different primers and target DNAs. 
These PCRs contained ) 5 pmolc each male DNA-spcctfic primes 
Y I. ) and Yl.2*\ arid cither 60 ng male, 60 ugFemate, 2 ng^ak, 
or no human UNA. Thermocvdin& was W^Tor I nun- and 60fC 
for 1 min using a Vcp-cyde* program- The number of cycles for 
a sample were as indicated in ngui* 3. fluorescence measure* 
merit is described below. t 

Anck-spccmc, human groe PGR* Ampuficauons of 

100 ill voiumc ntmz 0 5 fig/ml of EtBr were prepared as 
described for HLA JJQ* above except with different pnmcrs and 
target DN As. These PCRs contained either, primer pair HGP$/ 
H6 HA <wiW-type globtn spedac primers) or HCP2/Hjm& 
!c-dobin specific primers) at 10 pmole e^ch pruncr per PCR. 
TrS^e primers wete developed by Wu ct aL 2 \ Three different 
target DNA a were used in separate amplificauonsr-&0 ng cacti ot 
human DNA that was homozygous for the sickle trait DNA 
that was heterarygous for the sickle wak (A$X or DNA that vrtu 
homozygous For Ute w.t. globin (AA). Thermocycring was For » 
cycles at 94"C for 1 mm. and $5°C for 1 min. using a ^p^yefe 
program. An anneaHrtg temperature oF55X: b*d been shown try 
Wo ei al. 21 to provide allcJc^pcdnc awpntouon. ^^P^J 
PCR$ verc photographed through a red fttocr ^(Wranen^SA) 
after pladhtfthe reaemm iwbes »u>p a model TM^S6 transfflutru- 
natof (UV-products Sah Gabriel, CA). 

niKn^seence measurement. Fluor wcet>cc rocasuremenw iwcre 
mao> oh PCRs containing EtBr in a fluoromctcr 
(SPEX* Edison. NJ). Excitation was at the 500 J™ band with 
So^^ukd^th with aW 49S nm cm^ff ^Melks 
Grist Inc.. Indue. CA) to exclude «^d^f W'-™ 11 It 
yght was detected at 5^0 nm with a barwWU) of about 7 r>m- An 
OG 530 cm cut-nfT BUcr was used to remove thcototauoa hgnt- 
CoxititHWiA rrnorcscence mtmitoring of P«, Coimni^ous 
monitoring or a fCR ui progress i was accomplisbed ^ f c 
sjpcctroftuSromeicr and setdngs deserved above as weU jrt a 
m£ropue accessory (SP£X at. na 1950) uV both send cxcipuon 
Rght to, and receivi emiued Ught from, a PCR placed mawcUof 
a model 480 uiermocycicr (Pcrkin-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 mfr. .utc-cpoxy to be 
open top of a PCR tube (a 0.o ml ^ypropyteie centnft^e WW 
wrth its Vap removed) efFeciivcW se^ng rc Thcjxposeo^W ^ 
the PCR tube ana the end of the fiberopuc cabh; were shielded 
from room Ught and the rooco lights were kept dutuned durmg 
each run. T& monitored PCR was an amplication of V-cfarc- 
rnosome-spcdfic repeat seuvenee* as aesenbed above, c^n 
usinff an anneaKng/extension temperauirc of 50^C. Tncreacutm 
was covered wrdi minertl oil (2 drops) to prevent evaporauon- 
Tbcrmccyclimr and fluorescence roc^urcmcnt yere suirted 
multancousty, A tirne-basc scan with a 10 second Hitegranoi) tnn^ 
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W rts uw5d and the stnkiion Signal was ratioed to' tbc excitation 
aiffiwJ to control for chanfte* in li^ht-sourcc intensity. Data were 
fleeted using the cJro3O0Of» version 15 (SVEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Bintiing-Protein (IBP). The 
concentration of te soluble form is aftered under 
certain pathological conditions. There, is evidence for 
an important role of $CD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections il seems 
to be a prognostic marker -and is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, ceil-cuiture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoctonal antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



For more information call or fax 



gesellschaft-fO-r immunchemie und -biologie -mbh 

0STERSTRASSE86 • D - 2000 HAMBURG 20 -GERMANY TEL. +40/49100 61-64 • FAX +40/40 11 98 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Deetz 

Perkin-Elmer, Applied Biosystems Division, Foster City, California 94404 



The 5' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' — >3' nucle- 
olytlc activity of Tag DMA polymerase. 
In this study, probes with the 
quencher dye attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 -end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence* In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase in reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. (1) 
The assay exploits the 5'-* 3' nucle- 
olytic activity of Taq DNA poly- 
merase^ and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET). (4 - 5) During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -* 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. (6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5 r end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (IAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester); and Phosphalink 
for attaching a 3'-bIocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-IabeIed phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protectlon and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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. Reverse 
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Cleavage 




Polymerization completed 



<5^ % m 
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5*. 

3'- 



-3; 



rriM Na-bicarbonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C 8 220x4.6- 
mm column with 7-jim particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the LAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRAat nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
In the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-»il reactions that con- 
tained 10 ibm Tris-HCl (pH 8.3), 50 nw 
KC1, 200 jtM dATP, 200 >lm dCTP, 200 jxm 
dGTP r 400 »iM dUTP, 0.S unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajlma-lliima et al.) ( } was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. (8) Actin am- 
plification reactions contained 4 mM 
MgCJ 2 , 20 ng of human genomic DNA, 
SO nM Al or A3 probe, and 300 tim each 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 95*C 
(20 sec) f 60°C (1 min), and hold at 72°C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl* 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (1 min), and 
hold at 72°C 



Fluorescence Detection 

For each amplification reaction, a 40-^J 
aliquot of a sample was transferred to an 
individual well of a white, 96-well micro- 
titer plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm forTAMRA (the quencher or 
Q value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTGTG C 
TCGCATTAC1 GATCGTTGCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATG 

CGGA'ITTGCIGGTATCTATGACAAGGATjp 
TTCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGC1CATTGCCAATGG 

ATGCX:CTCCCCXATGCCAT(XIGCGlP 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCTGGACTTCGAGCAAGAGATp 
CCATCfCTTGCTCGAAGTCCAGGGCGAC 



. 

iuted for a T. (p) Tbe presence of a 3' phosphate on each probe. 



F119 
RU9 
P2 
P2C 
P5 
P5C 
AFP 
ARP 
Al 
A1C 
A3 
A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
probe 

complement 



35* K* Methods and Applications 

PACE 3/7 ■ RCVD AT 10/24/2005 5:55:20 PM [Pacific Daylight Time] * SVR:SVCS01/0 ■ DNIS:6034 * CSID:(613) 991-5695 * DURATION (mm-SS):0546 



From (613) 991-5695 



Order #^^.1209DP04816741 Mon 24 Oct 2005 08: 



PM EDT Page 4 of 7 

UIIIIResearch 



A1-2 RAQGCCCTCCCCCATGCCATCCTGCGTp 

A1 -7 RatgcccQcccccatgccatcctgcgtp 

A1-14 RATGCCXTTCCCCCAQGCCATCCTGCGTp 

A1 -1 9 JRATGCCCTCCCCCATGCCAQCCTGCGTp 

A1 -22 RATGCCCTCCCCCATGCCATCCQGCGTp 

A1 -26 RATGCCCTCCCCCATGCCATCCTGCGQp 



Probe 


518 


nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+ temp. 


no temp. 


+ temp. 








A1-2 


25.5 ±2.1 


32.711.9 


38.2 ±3.0 


38.2 ±2.0 


0.67 + 0.01 


0.66 ±0.06 


0.19 + 0.06 


A1-7 


53.5 + 4.3 


395.1 ±21.4 


108.5 ±6.3 


110.3 ±5.3 


0.49 + 0.03 


3.58 ±0.17 


3.09 ±0.1 8 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


109.7 ±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.18±0.15 


A1-19 


187.5 ±17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


267 ±0.05 


5.80 ±0.15 


3.13 + 0.16 


A1-22 


224.6 ±9.4 


482.2 i 43.6 


100.0 ±4.0 


96.2 + 9.6 


2.25 ±0.03 


5.02 ±0.11 


2.77 ±0.12 


A1-26 


160.2 ±8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ±3.2 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing p-artin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PGR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average±l s.D. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ + values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence measurement Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ") from the RQ value for the com- 
plete reaction including template 
(RCT). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger Increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ" values indi- 
cate that probes Al-14, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 







518 nm 




582 nm 








Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ + 


ARQ 


A3-6 
A3-24 


54.6 ± 3.2 
72.1 ± 2.9 


84.8 ± 3.7 
236.5 ± 11.1 


116.2 ±6.4 
84.2 ± 4.0 


115.6 ± 2.5 
90.2 ± 3.8 


0.47 ± 0.02 
0.86 ± 0.02 


0.73 ± 0.03 
2.62 ±0.05 


0.26 ± 0.04 
1.76 ± 0.05 


P2-7 
P2-27 


82.8 ± 4.4 
113.4 + 6.6 


384.0 ±34.1 
555.4 ± 14.1 


105.1 ± 6.4 
140.7 ± 8.5 


120.4 ± 10.2 
118.7 ± 4.8 


0.79 ± 0.02 
0.81 ± 0.01 


3.19 ± 0.16 
4.68 ± 0.10 


2.40 ±0.16 
3.88 ± 0.10 


PS-10 
P5-28 


77,5 ± 6,5 
64.0 ± 5.2 


244.4 ±15.9 
333.6 ±12.1 


86.7 ± 4.3 
100.6 ± 6.1 


95.8 ± 6.7 
94.7 ± 6.3 


0.89 ± 0.05 
0.63 ± 0.02 


2.55 ± 0.06 
3,53 ± 0.12 


1.66 ± 0.08 
2.89 ± 0.13 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm, The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 " - effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg* + concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
OmMMg 2 * is only slightly higher than 
RQ at 10 mM Mg 2 *, For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at IibmM^ followed by 
a gradual decline as the Mg 2+ concen- 
tration Increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2+ present, a sin- 
gle-stranded oligonucleoUde would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5 r end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 



ss 



ds 



ss 



ds 



ds. 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

P5-10 

P5-28 



27.75 
43.31 
16.75 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
S4.63 
65.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0.43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0.38 
3.21 
0.58 
5.25 
0.87 
4.43 



f ss> Sinde-stxanded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 

S Double-stranded. The solutions contained, In addition, lW h nM £^^ 

Al 76 100 nM A3C for probes A3-6 and A3-24, 100 n M P2C for probes P2-7 and P2-27, or 100 dm 

?95?for 5 mui Following the addition of 80 »\ of 25 mM MgCl 2 , each sample was allowed to 
coofS ^^S^Stl- fl-rescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecuiaT motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ", which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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mM Mg 

FIGURE 3 Effect of Mg 2+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mM 
Trls-Hd (pH 8.3), 50 mM KG, and varying amounts (0-10 mM) of MgC3 2 . The calculated RQ 
ratios (518 nm intensity divided by 582 run intensity) are plotted vs. MgCI 2 concentration (dim 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe r ml presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/ 0 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
Is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ~ than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ~ 
value. For the PS probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3 f end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C~3°C reduction 
in T m has been observed foT two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (1> demonstrated that allele-specific 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF508 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. (,0) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
«nd generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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W^e d^ped a novel "real rime" quaniiiailvc PCR 

accumulation through a dual*l*fad Huowtenlc probe ,c, ^^J^ ^ i^S?^ ' 

PCR 1 Jxiremciy accuse and less labor-intensive than current quant.ranve PCR methods. . 



Quantitative nucleic acid sequence analysis lias 
had an important rnle in many fields of biologi- 
cal research. Measurement of gent expression 
(UNA) has bcusn used extensively In monitoring 
biological responses lo various stimuli (Tan ct ai. 
1994; HuaiiR el ai. I995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (DNA) has 
Ix-en used to determine the genome quantity of 3 
particular gene, as in the case, of the human HER2 
gene, which is amplified in -30% of breast tu- 
mors (Slamon ut al. 1987). Gene and genome . 
quantitation (UN A and UNA) also have been used 
fur analysis of human immunodeficiency vims 
(ilJV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; J'latak el al. jvvttto; 
Purtado et ai. 1996). 

Many methods have heen desert hed for the 
quantitative analysis ot nucleic acid sequences 
(hoth for UNA and DNA; Southern lV/*>; Sharp ct 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool fOT quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This lias made pos- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that \\ be vocU properly for quantitation (U»«y 
mathers 1995). Many early reports of quantita- 
tive PCR and R'L -PCR described quantitation of 
the PCR product but did not measure, the initial 
target sequence quantity. It is essential to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clement I ct al. 
100?.) 

Kt'NMirchcrs have developed several methods 
of quantitative PCR and RT-PCR, One approach 
measures ICR product quantity in the log phase 
of the reunion befoTe the plateau (Kellogg et al. 
1990; Vanfi ct a). TWO). This method requires 
Chat each sample has equal Input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained hi wll sample* at relatively constant quan- 
tities, such as p-aclln) csin be used for sample, 
amplification efficiency normalization. Using 
conventional methods of PCU detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for bolh the target gene and the 
normalization gene). Another method, quantlta* 
tive competitive (QC)-PCR, has been developed 
and is used widely for PCR quantitation. QC-PCU 
n:lics on the inclusion of an internal control 
competitor in each reaction (Bockcr-Andrc 1991; 
Ptatak cl ol. 1 *9U*,!>). The efficiency of each re 
action is normalised lo the internal compel iior. 
a known anmunt of Internal competitor can be 
antnM rnca no/ wj rcim 7nn7/cn/7T 
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added to each sample. To obtain relative quart- 
tatlon, the unknown target PGR product is com- 
pared with the known 'competitor \K".U product. 
Success of a quantitative competitive PCR assay 
relics on acvcloplng an Internal control that am- 
plifies with the same efficiency its the tui^i 
eculc. The design of the coiupetJtoi nnU the vali- 
dation of amplification efficiencies, jequire a 
dedicated effort, Huwevw, because QCM«c:R does 
not require that PCR jhikUicIs be analyxud during 
the lost; phase of (he. amplification, it is tin: easier 
uf the two methods to use. 

Several detection systems uie uwii for quan 
Utative 1*CR and RT-UCU analysis; O) uprose 
gels, (2) Auunrscenl label Iiik of POR products and 
detection with InnitT-incluccd fluorescence using 
capillar)- electrophoTesi:* (Fmsco et al. 1995; Wil- 
liams et al. 1996) or acryliuuUte gel», and (3) jiUtie 
capture, and .sandwich probe hybridan ion (Mul- 
der el ah 1994). Although these method* pmvcU 
successful, each method requires post-PCR ma- 
nipulations That add Tim*! to the analysis ami 
may lead to hibuNiloiy i oiilrtuilnation. The 
sample throughput of these method:* i.s limited 
(wllh I he %-xc.cpilon of the plate capture ap- 
proach), aiwl # tli«r«fs»Tn, these method* ore not 
well >uite.d fwi u>o dauandi'iift high sample 
Throughput (I.e., screenhiK of large numbers of 

blot l it iltn. tiler* mi ai inlyr.ln$ Sttmplca fwj dia&nu:>- 
llcs or clinical trials). 

Here, we report the development of" a novel 
nft*ay for quantitative DNA analysis. The assay is 
l^d on Hi*: us«-of the 5' nuclease assay first 
described by Holland et al. (1993). The method 
uses the. 5' nuclease. Activity of 7Yi</ polymerase to 
cleave a noncxtcndlblc hybridist ion prohc dur- 
ing The extension phase of 1'OK- Tin: approach 
uses dunl-Iabclcd fluorogenic hybridisation 
probes (Lec et n). 1993; Husslcr ct ah 1993; Uvak 
et al. J99fla,b). One fluorescent dye nerves us n 
reporter |PAM (i.e., 6-ciirboxy fluorescein)! and its 
emission spectra is quenched by the second fluo- 
rescent dye., TAMRA (i.*., o-carhoxy-tetramethyi- 
ihodaminc). Tlic nuclease degradation of the hy- 
hridl/Jitioii probe releases the quenching of the 
I'AM fluorescent emission, resulting jn an In- 
crease in peak fluorescent emission at 53 tt mm 
The use Of <» sequence detector (A131 Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of the tncrmal cycler continuously during the 
1*CR amplication. Therefore, the reue lions ujv 
monitored in real lime. The output data is de- 
scribed and quantitative analysis of input target 
DNA sequences is discussed below. 



REAL 1IML C.UIANII1AUVI Kile 

RESULTS 

PCR Produce Dercalon in R«*i Time 

The goal was to develop a high-throughput, sen- 
r-Kive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plannld encoding human factor 
Vlii gene sequence, pI'8TM <*«c Methods), was 
used as a mooV.1 therapeutic K« nft * T" c< BSSB y l,sr * 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AM Prism 7700 Sequence Detector). 'Ilu: 
Taqman reaction requires » hybridation prnhe 
lal>clcd with two different fluorescent dyes. One 
dye Is a reporter dyw (l'AM), the other i.t quench- 
ing dye (TAMRA). When the pro!*: Is intact, fluo- 
icstcnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA) . During the extension 
phase of the PCR cycle, thtvfluorescciit hybrid- 
Ixalion probe Is cleaved by tlic S'-.V nucleolytic 
octivity of the. DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no lunger 
transferred efficiently to the quenching dye, re 
suiting hi un Increase of the reporter dye ftuorct- 
cvnt ciiiuucloift spectra. PCR primers und prolan 
were de»igmtil foi tliu ijuman factor VI 1 J se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
-mngncsluni concentrations yielding the I ugliest 
Intensity of reporter fluorescent sign«l without 
sacrificing specificity. The Instrument uses a 
ehavge.couplcd device (i.e.. CCD camera) for 
measuring the fluorescent emission apeelni from 
SOO tn r,$0 nm. Kach rc:u tube was monitored 
sequentially for 26 msec with continuous moni- 
toring throughout tin: amplification. Hach Ulbc 
wan rr.-cxandncd every B.5 see. Computer soft- 
ware, was dwi^ned to examine the fluorescent In- 
tensity of both the reporter <iy<- (PAM).and 
the quenching dye (TAMRA). tt»e llnorcsccrtt 
intensity of the quenching dye, TAMRA, changes 
very little, over the course of the PCR amplifi- 
cation (datit not shown). Therefore., the Intensity 
of TAMRA dye emission serves as »n internal 
MondtLrd with Which to uornuilb-x: the reporter 
Oyt: (l ; ATvl) emission variations. The software cal- 
culates *» value termed ^Rn (or ARQ) using the 
following equation: oRn - (Rn J ) <R'»"). where 
Hn 4 . ernirfsiun intensity \>t reporter/emission in- 
tensity of quencher al any given time In a -renc 
tion tube, and Rn " emission intensitity of re- 
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poncr/cmlsslon Jmviiwly wf quencher measured 
prior 10 1'CK amplilicalioii in that same unction 
tube. I'or the purpose of quantitation, the \m 
three data points (ARns) collected during The. u«» 
tension step for each I'CK cycle wore analyzed. 
The nucli'olylic degradation of the nyomh^tion. 
probe occurs (Hiring the extension phase or rial, 
and, therefore, reporter fluorescent ciiiimiun in- 
creases during thiN dine. lhjw daU1 P olntN 
were averaged for cacJi cycle and the menu 
value for each was plotted in an "amplification 
plot" shown in J'i«urc 3 A. The AKn mean value is 
ploued on the j^axis, and time, represented by 
cycle number, is plotted on tlie^-axis. [Hiring the 
early evehw of the T-CR amplification, die ARn 



value remains at base lino When sufficient hy- 
bridisation probe hu& been cleaved by the Tmj 
]X>lyixicrasc nufloutt activity, the intensity of re- 
porter flium-.tccm emission ineretttset.. Most PCIU 
ainplifkJdions reach » plaieau phnNe of reporter 
fluorescent emission If the reweliun Is carried nut 
to high cycle uuiii1h»%. The amplification plot i» 
examined vuily ill Uiti reaction, ut a point that 
■cprcscnis the log phase <>f product acnitnula* 
tion. This is done by ustignlng an m-biljasy 
threshold thai is b»*cd on the variability of the 
base-iine d M U. In Mjftmi 1 A, tJ te Ih rrshald whs set 
ut 10 standard deviations above, the menu of 
base line emission tzalculated from trydch 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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the amplification plot erobeeo the thrcsholdtsdc 
fined as C,. C r is reported as the cycle number sii 
this point. Ar will be demons! rut nd, lh« CI, .value 
Is picdluJve of the quantity of input tnrgv.t. 

Cj Values Provide a Quantitative Measurement, of 
Input Targer Sequences 

Ptgurc IB shows amplification plots of 1 1» - cli'tT«s»- - 
ent PCR amplifications overlaid. The amplify* 
dons were performed on a 1 :2 serial dilution •«« 
human genomic DNA. 'I"hc amplified targe! w:u 
human p actin. The amplification plots Kliifl to 
the right (to higher threshold cycles) ns the. inpui 
target qtiantity h reduced. 'iTvis is expected ho. 
cauKU nmirttoriK with fewer starting eopiitx of t)10 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10'stan- 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
C r valuer plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
V(\R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly wjtb increas- 
ing target quantity, Thus, C r values can be used 
as (i quantitative measurement of Hie Input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6* ng sample shown In Figure 
1H does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves trndpoini pla- 
teau at a lower fluorescent value than would he 
expected based on the input 1>NA. This phenom- 
enon has been observed occasionally with other 
samples (data not si i own) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under Investigation. It is important to note 
lhat the flattened slope and early plateau do not 
impact significantly the calculated 0, value as 
demonstrated by the fit on ihe line shown in 
Figure 1 C. All triplicate amplifications resulted in 
very similar Cr values — the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
.quantitation. The linear range. ol fluorescent in- 
tensity measurement of the Alii Prism 7700 Sie- 



moiits over n very large T;m$»o nf rplaitvo carting 
target quantities. 

Sample Preparation Validation 

Several parameters influence the efiicW-nry nf 
PCR amplification: magnesium and sail conceit: 
tuition*, reaction conditions (i.e., tunc and tem- 
perature), PCR target size and composition, 
primer sequences, and sample purity . Al) of The 
above (actors are common to a single PCR assay, 
except sample to sample purity. In an effort to 
validate the. method of sample preparation for 
thciacior Vill assay, PCR amplification reproduc- 
ibility and.clflcicncy oi 10 replicate sample 
preparations were examined. After genomic DNA 
wax prepared from the 10 replicate samples, the 
DNA was quantltalcd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-nciln 
gene content in 100 and 25 ng uf total genomic 
DNA. Each PCR amplification was performed in 
triplicate. Comparison of (i r values for each trip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table. 1). Ilicrcforc, each ol the triplicate PC:u 
amplifications was highly reproducible, demon- 
strating that real time PCR using this ins! ft; men- 
tation introduces minimal variation into the 
quantitative PCR analysis. Comparison of the 
mean C n values of the. 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing lhat each sample preparation yielded similar 
results for f-t-actin gene quantity. The highest C T 
difference between any of the samples was 0.S5 
and 0.73 for the 3(X) and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluorcs> 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dlluiions (Fig. 2). 
Any sample containing an excess of a PCK inhibi- 
tor would exhibit a greater measured (3-aciln O r 
valuc for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (Pig. 2), altering 
the expected C r value change, Raeh sample am- 
plification yielded a similar result in the analysis, 
demonstrating" lhat this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analysis of a Plasmid After 

7ncn new flfcR W4 «c:i7T 7nnr /cn/7T 
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Toblo 1. Reproducibility of S«mpl« Preparation Method 



100 ng 



Sample 

no. C T 



standard 
mean deviation 



CV 



1 18.24 
18.23 
13,33 

2 18.33 
18.35 

3 18.3 
18.3 
1S«42 

4 18.15 
18.23 
18.32 

5 18.4 
18.38 
18.46 

6 18.54 
18.67 
19 

7 18.28 
18.36 
18.52 

8 18.45 
18.7 
18.73 

9 18.18 
18.34 
18.36 

10 18.42 
18.57 

1 8.66 

Mean (1 10) 



13.27 0.06 



18.V 0.06 



18.34 
18.23 



18.29 



lfi.55 
18.12 



0.07 



COS 



1 8.42 0.04 



18.74 0.24 



0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

o.v 

0.36 

0.46 

0.23 

1.26 

0.66 

0.S3 

0.55 

0.65 
0,90 



25 ng 



mean 



20.48 

20.55 

20.5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20,44 

20,38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



20.4 3 



21.06 



20.51 

20.73 
20.66 



standard 
deviation 



20.51 0.03 



70.54 0.1 1 



20.54 0.06 



0.05 



20.73 0.13 



0,03 



20.6& 0.04 



20.86 0.12 



0.07 

0.1 
0.19 



cv 

0,17 

0.54 

0,26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



(or containing a partial cUNA for human factor 
Vlll, pi'BTM. A series of transections was sot 
up using a decreasing amount of the plasinieT(40, 
4, 0.5, and O.I u,g). Twrniy-four hours po.st- 
traMafec-tinn, total DNA wn$ purified from each 
flask uf LrlJa. (5-Avliii grucijuajitHy wa* chosen *s 
a value Tot' normalisation of ^v.nuinic 1'JNA con- 
centration from retell sample. In this expniment, 
|i-actin gene 'content should remain constant 
relative to rotal genomic DNA. Ft gun* 3 shows Ujc 
result of the p-actln DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) Ot each sample. Kach sample wa* analyzed 
in triplicate and the mean p-actm Cj. values of 
the triplicates were plotted (error bars represent 

<-**4-iilnrn ri»«/iai»r»rn "I h#» hlPh#*sr niffrrrnrp 



between any iwo samplci moam was 0.9 5 C,.. Ten 
nanograms of total DNA uf each sample were also 
examined for p-actln. Ilic results a^ujn .showed 
that very 3 h nilar amounts of genomic 1>NA were 
present; 'the. maximum mean p actio C, value 
difference wa.s 1.0. As Figure 3 shows, the rate of 
p.actln C,. chunKe Ixriwccn the 100 and K)-ng 
sample* was simitar (dope values rangw bcrtwoon 
3,56 and -3.45)* This verifies again that the 
method of .sample preparation yields sa:mpl«s of 
identical PCR integrity (>.<•-, no sample contained 
an excessive ainuunt of h VCR inhibitor). How- 
ever, these results indicate that each sample con- 
tained slight diffciences in the actual amount of 
genomic DNA analyzed. Determination of actual 
genomic ONA v.onccr»i ration wos accomplished 
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Figure 2 Sample preparation purity. The replicate 
samples shown In Tabl<? 1 wore also amplified In 
tripicate using 25 ng of each DNA sample. The ficj> 
uie shows die input DNA concentration (100 and 
25 ng) vs. C, In lh#» Hgnr*. ihp 100 and 75 ng 
polnls for each sample are connected by a line. 



by plotting the mean P-actin C t value obtained 
for «at:h lOOllg sample on a p-aciln standard 
L-uive (shown In J'ig. Thc actual genomic 

DNA concentration «f each sump)**., tt, was ob 
tallied by extrapolation to thu 

Figure- 4 A shows the measured (5<^. f nun* 
normalised) quantities of factor VJJJ pla.nmid 
DNA (pFSTM) from each' of the four transient cell 
tnuusfccllons. Each reaction contained 100 ng of 
total somplc DNA (as determined by UV spuctro* 
copy). Vuxch sample was analyzed in triplicate 
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Figure 3 Analynl* of tidosfectcd cdl DNA quantity 
and purity. I he DNA preparations of the lour 293 
cell transactions (40, 4, 0.5, and 0.1 m-cj of pF8TM) 
were analy7P.d for the 3-actln gene. 100 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfected, the (4-actln 
C T values are plotted versus the total Input DNA 



TC:r< simplifications. As shown, pl*'8TM purified 
,fioic Jbc 29A cells decreases (mean C, values in- 
ew.usej with decreasing amounts of plaxirdd 
,lruitsf»'Ucd- The mean C"^ values obtained for 
pWTM Hn 'Figure 4A were plotted on » standard 
curve comprised uf sv> tally diluted pKHTM, 
shown .in figure 4R. The quuuUly uJ pI'KTM, 
found in each of the four transections was do- 
tcrmined by extrapolation to the x axis of the 
standard curve In 1'igurc 4H. Those uncorrected 
values, b, for pKKTM were m>ru>Mll*u<l 10 deter- 
mine Uie actual amount of pl J 8'lM found per 100 
rig of genomic DNA by using Ihe equation:. 



/* X 100 fig 



ucUiial p! : B"ITvl copies oer 
100 ng (if genomic DNA 



where a-- actual genomic DNA in u sample and 
fcwpPHTM copies from the standard curve. The 
normalised quantity of pl'STM per 100 ng of ge- 
nomic DNA for each of the four iransfcr.ilons Is 
snown in Figure 4JJ. 'Hi est: results .show mat ihc 
quantity of factor VUl plasiuiU tissue) a U*d wnh 
the 293 cells, 21 lir after trun»fwi"«i. di:t.ie.jsus 
with dcercuslUH pju>nnd uim-wnLiaiJou u.sed in 
the trair*Jcaioi>, Hk: quantity of pi'tt'J'M nwoeJ- 
atea with 293 cells, after transfcctlon with 40 u,g 
of pinsjnid, was 35 pgper 100 ng genumtc DNA. 
Tills rcsulrs in -520 plasmid copies per cell. 



DISCUSSION 

We have described a new method for quontihU- 
iii^ gene copy numbers using reaMlmc analysis 
of PCK amplifications. Real-time HCK is compat- 
ible with cither of the two PCK (KT-PCR) ap- 
proache>: (1) quftiilllativc con»r* e:l i l ' ,vt: where an 
Uiteuial wmpcLlior for each target sequence i» 
used for normalifcQtJon (data not shown) or (2) 
qua i iti tailve comparative PCH ushiy »> iiuhiiciIim- 
tioix gene contained within the sample (i.e., p-nc- 
tin) or a "housttkeeping" gene for KT-PCK. If 
equal amounts of nucleic uad are analyzed for 
each sample and if the ampliation efficiency 
before quantitative analysis identical for each 
sample, the tmernai l-ujjIuiI (owjmali^iliou gene 
or competitor) should give equal Mgnab for a I) 
samples. 

The real-time PCU method offers several ad- 
vantages over the other two mcthcKlx c:urrcntly 
employed (sec the Introduction). l ; irst, the. real- 
time PCR method is performed in a doscd-Uibe 
system and requires no post -PC IK marupulailon 
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Figure 4 Quantity live analysix of pFSTM in transfected eclb. (/4) Amount of 
plasmid DNA used for the trunsfettion plotted against the iih-um C, vufue deter* 
mi nod for pfSTM remaining fa hr alter transection. (D,C) Standard curves, of 
pPPTM and P-actln, respectively. pf8TM DNA <fl) and genomic. t^NA (Q were 
dilute Serially 1 ;5 before amplification with the. opproprinlc primers. The f*-actin 
standard curve wav used to normalise the results of A to 100 ny of genomic DNA. 
(0) The amount of pF8TM present pt:r 100 ng of genomic DNA. 



of sample. Therefore, I lit* potential for VCR con- 
lamination in the laboratory is reduced because 
amplified products cam b« analysed and disponed 
of without opening the ru*c4ion tubes. Second, 
this method suppoiU the u.Mt of a iiornr,i1ix,<ilk>n 
gene (Lc., P-aciin) for quantitative. PCR or house- 
keeping genes for quantitative RT-1'CK controls. 
Analysis Is performed in real lime during the Jog 
phase of product accumulation. Analysis during 
lug phase permits many different genes (over a 
wide input target range) to be analy>rd slmulta- 
mtou.sJy, without concern of reaching read loo 
plateau at different cycles, Tliis will make niuHI- 
gene. analysis assays much caMe.i \\» develop, be- 
cause individual internal Luni^ctHuis will not be 
needed for each gene under anoiyals. Third, 
sample throughput will uiv.iea?>c 0 ran 14 lie ally 
with the new method because, there is no jx>st- 
PCR processing time. Additionally, winking In a 
'X>-we)l format is highly compatible with auto- 
mation technology. 

The real-lime PGR method is highly repro- 
ducible. Replica u» amplifications can be analyzed 



for *nch sample mini mining potential error. The. 
system 11 Hows 1'or a very large assay dynamic 
runge (approaching 1,000,000-fold starting tin- 
gel). Using a Mandord curve for the target oi in* 
terest, relative copy number values can be deter- 
mined for any unknown .Nuiwpk\ PJuoroctnt 
threshold values, O r , coucJair. linearly with rela- 
tive DNA copy numbers. Ileal time quantitative 
KT"ft:Jt methodology (Gibson et al., 'this issue?) 
ha* ahobee.il developed, finally, reaJ time quan- 
titative 1*CR methodology can be used to dcvcJup 
high-throughput screen big aaaaya for a variety of 
applications [quantitative gene CApjcasiuii (KT- 
rCft), gene copy nrways (I1cr2, I31V, etc.)* geno- 
typlng (knock* mi mouse analysis), and Immuno- 

renj. 

Real-time VOX may al.to be jw-forrncd using 
intercalating dye.s (Hlgtuthi ct ul- 1WJ2) such as 
eiJiJdium bromide. The fluorogenic probe, 
method offers a major advantage over inter- 
calating dyes- -greater specificity (I.e., primer 
dimvrs and nen sped fie PCR products are. not dft- 
t pried). 
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METHODS 

Generation of <t Flasmld -Containing a Partial 
cDNA for Human Factor VIII 

Total RNA w« harvested (UNA^> » ^mi T*l Test, inc., 
tr>C'"tewood, TX) from w}\> » i-nafccied wlih o factor VIII 
rxiiitMaiuu veetor, pClSZ-UvftSU (Katon «t al. 1VH6; Gor. 
man c.\ al. 1900), A factor VIII partial cl)NA wpicmv W«S 

n rm. ra tcd by irr i>r:n i<icnoAnip ia rrih liN* WUl XU 
(j>an nwmwit/s, rt Aiiplun) biosyiicms, Vwrtvi <Sly f CiA)] 

u»lng the I'CU primers FHfcr Ittrcv (primi-r sequence* 
arc shown below). Hie amphcon was reampli*»*d using 
modified fflfor and Wrcv primers tappc-mUsi with town! II 
and f/mdlll restriction sire sequences hi thv V viuJ| ww 
Cloned Into pCiKM- 3Z (IVmiH^n tlorp., Muuisoa, Wl). The 
resulting elonr, pPSTM. was uscti lur transient transfectloti 
of cells. 

Amplification of Target DNA ami Duccilon of 
Amplicon Factor VIII Ptasmid DNA 

(pPSTM) was ainpllflwtl Willi l lie I**8for 5'-G<;<:- 

«TCIC:C^\AUAU:jUACXilCiTC-3' and l : »rcv .V-AAACC7I- 
l^CCXrrOGATCitiTACCJ-^'.Hlc runellwh produced * 422- 
up i*C:K product. The forward primer wua de>lxnt.*1 lu tec 
ngnt/.e a unique M'ipivuir hmnd in the 5' untranslated 
region of Diu paieul pOS2.b\25l> pin mi ml mid therefore 
cluva not uia jh uUu «ind amplify ihc human factor VI II 
gene. I'rimnrft woro chosen with the av*i?tam*o of lh* com. 
(>ulcr program Oliso 1»0 (Nutional Hiuaeienecs, linv* Ply* 
mouth, MN). The human p-aciln gene w*is amplified with 
the primeo fS-m-iin forward j>flnicr S 'TCACCCACAt ri'( YY 
GCCCATCTI'ACCiA-.V and p-actiu reverse piimer .V-CAf!. 

CGCAACc:Cfrr<^Anci(:c^A'rCG-3'. The reaction pro- 
Ouceo a iV5-hp rC'.u product. 

Amplification reactions (SO vA) contained it DNA 
sample, 10X I'CK liuffur II (S pd), 200 n-M dAIV, dCTP, 
dGTP, and 400 jim riUTP, 4 mM MgCI„ 1.2.S Units Ampll 
Tmj r;NA poiymcia*c, 0,5 unit Amprjnse umctl N-Riy- 
ta>»ylu»c <UNG), SO pmolv of each faciei Vlll prlihci, and 15 
poiole of mc.h |t Act In pilmor, 71 Hi icartluivv aK<» istinUlncd 
OtlO Of the following divert Ion prnhes (HIO hm rprh): 

i'8j»fMbe A'(i/AM)AC2frrfrit:cu(:f:T<ifrin , crrrr<:rtJ , r. 

GCCTT(TAMRA)p 3' «ud p-aetiji probe 5 f (TAM)ATGf.:CC:- 
X(TAMKA)C:OCC:r;AT0CCATCp-.1' where p indicates 
phmprinr/lAlinn and X indicates a linker arm nucleotide. 
Reaction 1mIk\i wrn- Mit:rtjAit\p Opt ion I 1'ubcs {part Atim- 
l.ior NKOI Pcrldn lUnier) iliat wore frosted (at IVrfchi 

r.lnicr) to prevt-ut light from /cflccilngi Tube copi were 
simitar in MicmAiiip tinps bul jipecially deaiftned lo pre- 
vent light 5Ciitlerhig. All <ti \\t<- IH1U wUni/tutnul> le* were ^i>»- 
r lie.a l>y Pli Applied lWuflyeitenta (PoahT CMy, Ca) exccpl 
the factor VIU primers, wlik-h wen- *ynthcslxrd at Ccnen 
lech, Inc. (Sovitli lVanclseo, CA). ProUev wrn- designed 
using the Oliyr.i 4.0 software, folktwlnp, guldcllnci; 

^\c<\ in tnc Model 7700 .Sequence i>euvu>r lii.iiiiuiienl 
manual. Brlcny, probe T m ^muUt be al least 5 U C ))l«^er 
man the annwdlnx teuipfMlurc u.>cd durln« thermal ey- 
rhng; primers slio\dd jr>i funn sUUW duplexed wilh ll«- 
probe. 

The iliernifll i-yrllng condiMon.s Included 2 Jiiln at 
50 V C: and )0 min at 95 W C Hicrmal ^eling proceeded with 
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reactions were performed in'tho Mode) 7700 Sequence IV- 
t«ior (PU Applted Ulos^lwuiv), uihlrh coiUahu m Gene. 
Amp t*<":U. Sy&tvm P<rOC IU;at:llon cwidi<km« wrrr- pro. 
RruittiiicU on .i l'v»w« Macintt»-li V100 (Apple C^mp"'^ 
Santo Clara, C^\) linked ctirvcviy to the Model WOO Se- 
quenw Ixtlffctor. Analyvln *>f data w»v atui jwKormcd on 
thv M^i lntmh computer. Ctollortton and analydK software 
wtw dcvolo|wl Ht PK Appltvd nicKy*liuns. 

Transection of Cells with Factor Vlll Construct 

J-Vnir I17.S Hasks of 293 cells (ATCX: CUU. a human 

fetal kidney suspeOfcion cell line, were omwu lo SfWd con- 
Ihieoey *tiA tranifcded pVKru. Cells were grown In tliu 
following mcdlAt 50% HAM'S HI 2 without GUT, J0% luvu 
jocose nuJlKooo's modified ^«le inediuin (UMIvM) wlth« 
enn glyoinu wiUl flodium bicarbonate, 10% ictal tnivine 
scnun, 2 imm u-nluUinmc, and 1% penirillin-strcptomy- 
tin. The medio vraj changed 30 min Mo«« the transfer 
Uon, pPU IX WA amounte* of 40 f 4, 0S r and 0.1 ^j; were 
itdilwi it> !..*» ml of a soUitlon containing 0.125 m CmCA 7 : 
and 1 x IIKPtiS. The four mixhm*?i were left at won U»in- 
l^cnitfirt- for lO min and then atUK-l rlmpwlju- lo the cells. 
TJiv n»»k* wiehii-uUiled oL 37°C and - r »% < X\ for 24 hr, 
washed with PUS, *i»icJ Suspended In l'HS. The h'kum 
jn-nd^l eclh were divided into aliquot » und DNA w«d cv- 
tnutted Imrncdlutcly usinR thv QIAamp Rif»Hl Kit (Qbpen. 
Uwiawurtli, »>NA w»,s d»l<-d Into 200 P l ui 30 h«m 
TrWICJ atpll«.0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressive promoter, and (if) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24 3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
' 2) Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
• kinase activity of the normally constitutively active glycogen 
synthase kinase-3|3 (GSK-30) resulting in an increase m 
0-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears m 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to 0-catenin, and facilitates its degradation. Mutations in 
either APC or j3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1); 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed \goosecoid, twin (Xtwn), andsiamots 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 4 , . 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. t 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 

tissue growth factor; SSH, suppression subtractive hybridization; 

VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 

deposited in the Genbank database (accession nos. AF100777, 

AF100778, AF100779, AF100780, and AF100781). 
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cDNA was synthesized from 2 u.g of poly(A)" RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to ammo 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 ,xM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and z-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (act) w h ere act represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/S/>-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-EImer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-1 and W1SP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and W1SP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1 . The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of -40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 1A). 

Full-length cDNA clones of mouse and human W1SP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of -27,000 (M T 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 {A) and 
WISP-2 (B) expression in C57MG, C57MC/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 jig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- 1 -specific probe 
(amino acids 278-300) or a 190-bp WS/^-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human W1SP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WlSP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
' human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-L WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential' of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. {A) Encoded amino acid sequence alignment of human 
WISPs, The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B), 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. W1SP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovasoilar tumor stroma (Fig. 4 A-D). However, low- 
• level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1 , WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A, C, £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in £-tf. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 
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the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5^4 and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP- 1 genomic DNA in colon cancer cell 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with EcoRl {WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 
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mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-0, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v 03 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP--2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and jS-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs, Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-ceU-proliferation assays were 
done essentially as described 20 ' 11 . Briefly, after antigen pulsing ^Op-ginr 1 
TTCF) with tetrapeptides (l-2mgmr') ( PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPM1 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u-Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 u.g 
pig kidnev legumain in 500 p.1 50 mM citrate buffer, pH 5.5, for 1 h at 37 °G 
Glycopeptide digestions. The peptides H1DNEEDI, HIDN(N-glucosamine) 
EEDI and H1DNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5 mg^ reduced, carboxy-methylated human transferrin followed by 
conca naval in A chromatography 1 '. Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml -1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgml" a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK"* 9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRi. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
U±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 u-gml" 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results' 3 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes 1,14 "'". Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ^65% to 
—30%, with half-maximal inhibition at — 1 u.gml _I ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene -copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains {CRD 1-4), and the AMinked gtycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues- or cancer cell tines. PBL. peripheral blood 
lymphocyte. 




b Mr(K ) Vector 
30 1 



10 2 103 10 4 
PE 

FasL 



0.8 



E 0.6 
c 

o 

S0.4 

X 

1 0.2 

o 
(J 



j a. sFasL 


f\ O sFasL + 




<P DcR3Fc 


( 





10 



20 30 
Fraction 



40 50 



22' 



LL LL LL IL LL U» 

n </) cn w 

or tr « or cr £ 

2 O 2 O 



C M r {K) 
42 
30 



42 



1Fc 


3Fc 


sFc 


Ctrl 


LL 


or 

o 




_) 


TNI 


Q 




£ 



c 

C 

\a 
o 
*E 

*o 

(D 

o. 

CO 



100 
80 
60 
40 
20 



O DcR3Fc mt? 




• FasFc \(( 




J 100 












n 




i — i 


DcR3Fc - 


+ 



10-2 



10- 1 101 
sFasL (nM) 



103 



Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pR(C5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFRi-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference {P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 1 5 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival To test this, 



a c 




Time(h) Inhibitor (ug ml" 1 ) 
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we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T 160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 * 19 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 



b d 




Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;.5ngmr') oligomerized 
with anti-Flag antibody (0.1 M-gml -1 ) in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl and assayed for apoptosis (mean z s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. in presence of 1 u.g mr' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (rilled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc, or DcR3-Fc (10 u.g mr 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean s s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 6, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate)/ 



Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g, h. j, k, r), seven squamous-cell carcinomas (a, e. 
m, n. o, p, q). one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means z s.d. of 2 experiments 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, in situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's r-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to- mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. O 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial done (data not shown). 

Fc-tusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described 13 . 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 jtg), together with pRK5 encoding CrmA 
(2 u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin -conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S] cysteine and [ 35 S} methionine (0.5 mCi; 
Amersham). After 16h of culture in the presence of z-VAD-fmk (10u,M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). ^ 
Analysis of complex formation. Flag-tagged soluble. FasL (25 ng) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1 .5 h at 24 °C The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human lgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti- Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g ml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACS analysis of annexin-V-binding of CD4 + cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for I6h with 5, Cr-loaded Jurkat cells at an effector- - 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of 51 Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAG 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 UCT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPascs) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrugrresistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of 5. typhimurium and £. co/i u " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity", and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). .A six-stranded fi- 
shed (33 and (38-P 12) spans both arms of the L, with a domain of a 
a- plus P-type structure ((31, 02, £4-07, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (3-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a. towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C. C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-cha in- reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
ertoB2) in breast tumors. Extra copies of myc, ccndl and ert>B2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings, int. J. 
Cancer 78:661-666, 1998. 
© J 998 Wiley-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et ai, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 1 q 1 3), and erbBl ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erb&2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et ai, 1992; Siamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at alt stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why.C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; fvii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 nr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbBT), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the rumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter Q (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 
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of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N*\ and is determined as follows: 

copy number of target gene (app; myc, ccndl, erbB2) 

N = : . 

copy number of reference gene (a/6) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, Micro Amp optical tubes, 
and Micro Amp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DN A extracted from 1 08 primary breast tumors, and 1 8 
normal leukocyte .DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the (3-amyloid precursor protein gene (app\ which maps to a 
chromosome region (21q2l.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-qI3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes fapp and alb) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
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plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 2 1 q2 1 .2; alb, 4q 1 1 -q 1 3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and tr\>B2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean*0.9 1 ±0.19) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (Tl 18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbhl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 




myc 

ccndl 

erbB2 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no posi-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real -time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and irnrnunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al, 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al, 1992; Borg et al, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al (1992) and Courjal et al 
(1997). (;V) The maxima of ccndl and erbBl over-representation 
were 18-fold and 15-fold, also in keeping with earlier results (about 



1.600 
1.400 
1.200 
1.000 

aeoo 

0.600 
0.400 
0.200 
0.000 
-0.200 



GENE AMPLIFICATION BY REAL-TIME PCR 
Amplification * CCND1 



665 



— Samples 




Viewer: | ARn {B.."^! 



2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter | FAM ▼ ) 

Cycle 



Amplification - ALB 



& 

4 



— Samples 




-T I i i i 1 I I I I I I I 1 I l i I l 1 I I I I I I 1 I I I I I I I I I l l M 
0 2 4 6 8 10 12 14 16 16 20 22 24 26 28 30 32 34 36 38 40 Reporter: | FAM ▼ \ 

Cycle 



Tumor 
■ T118 
M T133 
m T145 



CCND1 



ALB 



G\ Copy number c t Copy number 
27.3 4605 26.5 4365 



23.2 
22.1 



61659 
125892 



25.2 
25.6 



10092 
7762 



Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 18 (El 2, C6, black squares), T133 (Gil. B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II, 



30-fold maximum) (Btms etal, 1992; Borg eial, 1992; Courjal et 
al, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An etai, 1995; Deng et at., 1996;Valeron 



et a/., 1996). Our results also correlate well with those recently 
published by Gelmini et al. (1997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndi GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS 1 



Tumor 




ccndl 






alb 




Wccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndllalb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensify. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg ct ai, 1992; 
Slamon <?/ a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task., We developed an automated literature-mining tool, termed MedGene, which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene, we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5-fotd; however, a significant correlation was 
observed (r = 0.41; p = 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

Keywords: bioinformatics • micro-array • text mining • gene-disease association • breast cancer 



Introduction 

At its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g.. 
breast cancer, a researcher would have had to scan 130 different 
journals and read 27 papers per day in 1999. 1 This problem is 
accentuated with high- throughput technologies such as DNA 
micro-arrays and proteomics, which require the analysis of 
large datasets involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any microarray experi- 
ment, thousands of genes may demonstrate statisucally sig- 
nificant ex pression changes, but or^ly^aJVaction of thesejmay_ 
T>e relevant to tht~study. The ability to interpret these datasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge in a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
curaled. the labor-intensive review process becomes a rate- 
Hmiling step in the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
in a systematic fashion. ? * 

An alternative approach is automated text mining; a method 
which involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully in several 
instances for biological applications. In most cases, it has been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another, in 
the literature or by functional annotation. 3 " 7 Thus far, few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxeta et al. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locationsjn order^ 
to^idenUry genes ; "imkeTr^inheritecTdisordersT 8 

To obtain a. more global understanding of disease develop- 
ment, it would be valuable to incorporate information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, It would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational approach to literature mining to produce a 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 

Methods 

MedGene Database. MedGene is a relational database, stor- 
ing disease and gene information from NCBI, text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface for users to 
query the database (http://hipseq.med.harvard.edu/MedGene/). 

Text Mining Algorithms. MeSH files were downloaded from 
the MeSH web site at NLM (Nation Library of Medicine) (http:// 
www.nlm.nih.gov/mesh/meshhome.html) and human disease 
categories were selected. LocusLink files were downloaded from 
the LocusLink web site at NCBI (http://www.ncbi.nih.gov/ 
LocusLink/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusLink record, were 
collected. Gene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to Index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July, 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene-only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the basis of the contingency table-framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis, Fisher s exact probabilities, rela- 
tive risk of gene, and relative risk of disease 16 (http;// 
hipseq.med, harvard.edu/MedGene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene -double hits to disease single-hits- 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, wc transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the 'Cluster" software and the 
clustering result was visualized using TreeViewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 
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Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER- positive) and 7 normal breast tissue samples • 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immuno-pheno- 
types of breast cancer. Biotinylated cRNA, generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Aflymetrix U95A oligo-nucleotide micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately " 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Affymetrix. and then further analyzed using 
the DNA-Chip Analyzer (dChip) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first compiled complete lists for human diseases and human 
genes. To index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 910 Twenty- three human disease category 
headings along with all of their child terms (see the Supporting 
Information, Supplemental Table 1, or visit http://hipseq. 
med.harvard.edu/MedGene/publication/s_Table 1. html) were 
selected from the 2002 MeSH index creating a list of 4033 
human diseases. 

No index comparable to the MeSH index exists for genes, 
and thus, it was necessary to apply a string search algorithm 
for gene names or symbols found in Medline text. A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusLink database at 
NCBI,"- 12 which contains 53 259 independent records keyed 
by an official gene symbol or name (June 18°\ 2002) . For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of italics, if at all. 
For the intended use of this study, this lack of distinction is 
unlikely to have a large effect and may in fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
(Table l). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 

toTeduce these errors. The syntax issues were r eadily handle d _ 

by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found in the title or 
abstract. Case-insensitive string mapping was used for ail 
searches except as noted above. No additional weight was 
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Analysis of Data Using Advai 
Table 1. Systematic Sources of False Positives and False Negatives in Unfiltered Data* 



research articles 



source of error 



error type 



example 



Hltcr solution 



gene symbol/name false positive 
is not unique 

gene symbol is false positive 

unrelated abbreviation 

gene symbol/name false positive 

has language meaning 

nonstandard syntax false negative 

unofficial gene name/symbol false negative 

nonspecified gene name false negative 



MAC— myelin 

associated glycoprotein 
MAG~ malignancy-associated 

protein 

PA— pallid homologue (mouse). 

pallldin (also abbrev. for Pennsylvania) 
W445-Wiskolt-Aldrich Syndrome 

(also the word "was") 
BAG- 1 instead of BACl 
P53 instead of TP53 
estrogen receptor instead of 

Estrogen receptor I 



eliminate this term 

eliminate this term 

case-sensitive siring search 

add dash term 

add all gene nicknames 

add family stem term 



« In preliminary studies. Medline was searched for co-occurrence of genes and diseases and the resulting output was evaluated to identif y error sources that 
were amenable to global filters, iach error source Is categorized by the type of error It causes: false positives are suggested relationships that are not real and 
false negatives are real relationships that are underrepresented. The filter solutions used are indicated. Note that in some cases, the niter solution itself introduces 
error. In general, error rates maximized sensitivity, even at the expense of specificity If needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with ail qualified gene 
identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g., estrogen receptor instead of 
estrogen receptor 1 (ESR1), creating a source of false negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (e.g.. IL2RA, TGFp, 
ESR1, etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that It would be clear when linkages were made to 
the gene family versus a specific member in that family. 

To improve performance and accuracy, some prc-selection 
was applied to the records that were scanned. First* review 
articles were eliminated to avoid redundant treatment of 
citations. Second, non-English journals were removed because 
the natural language filters were only relevant to English 
publications. Finally Journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g., Int 
]. Health Educ. Bedside Nurse, and /. Health Econ). Together, 
these filters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths of Gene- Disease Associa- 
tions. In total, there were 618 708 gene-disease co-citations, 
in which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
^is^VTeWiolwhip^we" tested sevefardifferent~statistical~ 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of MedGene, In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However, in 
situations when these goals were in conflict, inclusiveness was 
prioritized. To determine the false negative rate in MedGene, 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genes 
identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD), Z the Breast Cancer Gene Database(BCG). 1 GeneCards 
(GC) 17 and Swissprot. 18 Genes were considered false negatives 
if they were represented in at least one of these other databases 
and not in MedGene and their link to breast cancer was sup- 

ported by at least oneJiteratutexeference.jfUl^ 

were verified by manual review to confirm their validity, The 
number of genes in each database or shared by more than one 
database is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonoverlapping 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation in these hand- 
curated databases, 26 were absent from MedGene, suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Informa- 
tion. Supplemental Table 2. or visit http://hipseq.med. 
harvard.edu/MedGene/publicalion/s_Table 2.html). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity fillers. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscript but not the abstract or title (1.1%). Of note, 
MedGene identified approximately 2000 additional breast 
cancer- related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a . global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF, 1467 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information. Supplemental Table 3. or visit 
http://hipseq.med.harvard.edu/MedGene/publication/ 
sJTable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. 1314 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information, Supplemental Table 4, or visit http://hipse- 
q. med.harvard.edu/MedGene/publication/s_Table 4. html), em- 
phasizing the importance of the filters that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown), For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESRl and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESRl or ESR2: 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
— For-this-experiment.-it- was-reasoned-that the-more-closely - 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information. 
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Supplemental Figure 1, or visit http://hipseq.med.harvard.edu/ 
MedGene/publication/sJPigure l.html). For example, in one 
such cluster shown in Figure 2, diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate (^-9%) and down by the false positive rate (-26% 
on average). Using this, the average disease has 103.7 ±45.3 
(mean ± s.d.) genes associated with it, although the range is 
quite broad with 2359 genes related to breast cancer, 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis identified 
2286 genes that had greater than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name): 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second -degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information, Supplemental 
Figure 2, or visit http://hipseq.med.harvard.edu/MedGene/ 
publication/s_Figure 2.html.) Among the 505 previously un- 
related genes, 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes. 9 had been related to other 
cancers, specifically esophageal, colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 

Uterature.-there-was-noxorrelaiion-bc^ 

array fold change (r = 0.018, p- value = 0.62), However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 10-fold change or more in 
expression level, the correlation increased to 0.4 1 (p-value = 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them. A sample of the data is shown here. 2(B). One of the resulting clusters Is shown that corresponds to blood sugar states. Diabetes 
terms (above the line) and starvation states terms (under the line) clustered together, Within these groups, there is also clustering of 
diabetic small vessel complications, altered serum chemistries, nutritional disorders. etc.($upplemental Figure 1: http://hipseq.med. 
harvard.edu/MedGene/publication/s_Figure 1.html). 

Finally, to validate our findings, we computed similar cor- disease unrelated to breast cancer. As expected, we did noi 
relations between the breast cancer expression data and observe an increasing trend in correlation for hyperten- 
LPF scores generated by MedGene for hypertension, a sion. 
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Figure 3. Relationship between literature score and functional data for breast cancer, 3A. The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analyzed to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff > 3-fold change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-association. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference in 
expression level. Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fold 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score (LPF) and the fold change 
of expression level between tumor and normal breast samples (y-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene LPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 
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Table 2. Top 25 Genes Related to Selected Human Diseases* 



research articles 



breast neoplasms 



hypertension 



rheumatoid arthritis 



bipolar disorder 



atherosclerosis 



estrogen receptor 

PGR 

ERBB2 

BRCA1 

BRCA2 

ECFR 

CYP19 

TFFl 

PSEN2 

TP53 

CES3 

CEACAM5 



ERBB3 
cyclin 
C0X5A 
cathepsin 
ERBB4 ~ 

TRAM 

CCNDl 

EGF 

MUCJ 



insulin-like 
BCL2 

mucin 
FCF3 



REN 
DBP 
LEP 
ACT 
INS 

kallikrein 
ACE 

endolhelin 

SiOOAG 

BDK 

DIANPH 
SARI 

PIH 

CD59 

ALB 

CYPUB2 

-MAT2B 

angiotensin 
receptor 

AGTR2 

NPPA 

LVM 

DBH 
NPY 

POMC 

neuropeptide 



RA 

TNFRSF10A 
CRP 
AS 
ESRl 

HLA-DRB! 
DR1 

interleukin 

TNF 

IL6 

collagen 
ILIA 

ACR 

TNFRSFI2 
IL2 

CHI3LJ 
~IL8 



interleukin I 
matrix 

metalloproteinase 

interferon 

CD68 

114 
ILI7 

MMP3 

SIL ' 



ERDAl 

SNAP29 

PFKL 

DRD2 

TRH 

IMPA2 

HTR3A 

DRD3 

REM 

KCNN3 

DRD4 
HTR2C 

RELN 

DBH 

MAOA 

COMT 

HTR2A 

SYNJ1 

INPPI 

NEDD4L 

FRAJ3C 

transducer of 

ERBB2 

BAIAP3 

ATP1B3 
DRD5 



apolipoproiein 

APOE 

LDLR 

ELN 

ARG1 

APOB 

APOA1 

MSRI 

LPL 

P0N1 

plasminogen 
activator inhibitor 
PLC 

vascular cell 

adhesion molecule 

AT0H1 

VWF 

INS 

ARC2 

ABCAI 

OLRl 

collagen 

MCP 

lipoprotein 
APOA2 
Intercellular 
adhesion molecule 
RAB27A 



* MedCene results for the top 25 genes associated with breast neoplasms, hypertension, rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
ranked by LPF scores. The hyperlink to all the papers co-citing the gene and the disease is available at MedCene website (http://hipseq.med harvard.edu/ 
MedCene/). 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedGene, a relational database 
derived by mining the information in Medline, was created to 
address this need. MedGene users can query for a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperlinked to the original papers 
supporting each association and to other relevant databases. 
MedGene is an innovative extension of previous text mining 

.approaches. Perez-I ratxe ta et al. used the GO annoiaji^rVancj 

their chromosomal locations to predict genes that may con- 
tribute to inherited disorders. 8 MedGene takes a broader view 
and includes all diseases and all possible gene-disease relation- 
ships. Furthermore. MedGene utilizes co-citation to indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have GO annotation. Our approach is 
complementary to that taken by Ghaussabel and Sher. who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships. 6 

A unique aspect of this tool is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation. This presupposes thai 
most co-citations describe a positive association, often referred 
to as publication bias 15 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hipseq.med. harvard.edu/MedGene/publication/s_Ta- 
ble 3.html). Of course, relationships established by frequency 
of co-citation do not necessarily represent a true biological link: 
however, it is strong evidence to support a true relationship. 

Another important feature of MedGene is the implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were* missed 
and at least 70% of even the weakest associations were real, 
For this study, all of the filters that we applied were general 
ones, e.g.. expanding the list of all gene names to address the 
different syntax forms used by different journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise in false negatives. Alternative ap- 
proaches, such as the exami natio n of the nearest neighbor 
terms, need to be considered to further reduce the faise positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported in the literature. 
Even when these expression changes are statistically significant, 
it is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 
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Table .3. Genes with Large ExjWSibn Changes in ER- but 
Not in ER+ Breast Tumors 



gene symbol 


(old change (ER+) 


fold change (ER-) 


KRTHBl 


1.0 


G10.8 


BRS3 


1.2 


89.4 


DKK1 


1.2 


69.8 


ZIC1 


1.9 


59.6 


TLRl 


1.0 


38.5 


KIAA0680 


2.6 


33.2 


CDKN3 


1.0 


30.6 


EBI2 


4.0 


27,9 


CZMB 


3.8 


21.9 


STK18 


4.7 


18.6 


CPR49 


10 


14.6 




1.6 


14.4 


LAD I 


— 1.0 


13.5 


POLE2 


4.2 


13.0 


HMG4 


4.4 


12.9 


BCL2L1 1 


-1.2 


12.3 


LRP8 


2.9 


12.2 


CCNB2 


1,0 


1 1.8 


CCNE2 


4.0 


1 1.6 


FCB 


-4.3 


11.1 


KNSL6 


2.9 


10.9 


H1F5 


3.0 


10,2 


SERP1NH2 


4.6 


10.2 


YAP I 


1.0 


10.0 


LPHB . 


-1.3 


-10 4 


TCEA2 


-1.1 


-10.8 


TFFl 


1.3 


-1 1.4 


COU7 A 1 


-4.1 


-15.7 


POPS 


1.1 


-16.2 


BPACl 


-4.6 


-22.3 


PDZKl 


-1.1 


-36.8 


VEGFC 


-2.8 


-51,5 


MUC6 


-1.4 


-64.9 


SERPINA5 


-1.0 


-83.1 


MEJS1 


-1,6 


-85.9 


CA12 


2.4 


-150.3 



Table 3. MedGene identified a set of relatively understudied, yet highly 
expressed genes in ER negative, but not ER positive breast tumors. All of 
these genes have either never been co-cited with breast cancer or have a 
weak association except those marked with an *. 



reflects the many genes whose role in breast cancer may not 
involve large changes in expression in sporadic tumors (e.g., 
BRCAJ and BRCA2) and genes whose modest changes in 
expression may be unrelated to the disease. Strikingly, among 
genes with a 10-fold change or more in expression level,, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First, a careful hunt for corroborating evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-positive tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when interpreting experiments that may contain 
subpopulations that behave very differently. The MedGene 
approach identified a set of relatively understudied, yet highly 
expressed genes in ER-negative tumors that are worthy of 
further examination (Table 3). , 
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In conclusion, WTTave developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an important tool 
for the rapid and flexible analysis of large datascts from various 
high -throughput screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking* at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedGene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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of the results, showing that the resulting disease clusters were 
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Aneuploidy and cancer 

Subrata Sen, PhD 



Numeric aberrations in chromosomes, referred to as aneu- 
ploidy, is commonly observed in human cancer. Whether aneu- 
ploidy is a cause or consequence of cancer has long been 
debated. Three lines of evidence now make a compelling case 
for aneuploidy being a discrete chromosome mutation event 
that contributes to malignant transformation and progression 
process. First, precise assay of chromosome aneuploidy in 
several primary tumors with in situ hybridization and compara- 
tive genomic hybridization techniques have revealed that 
specific chromosome aneusomies correlate with distinct tumor 
phenotypes. Second, aneuploid tumor cell lines and in vitro 
transformed rodent cells have been reported to display an 
elevated rate of chromosome instability, thereby indicating that 
aneuploidy is a dynamic chromosome mutation event associ- 
ated with transformation of cells. Third, and most important, a 
number of mitotic genes regulating chromosome segregation 
have been found mutated in human cancer cells, implicating 
such mutations in induction of aneuploidy in tumors. Some of 
these gene mutations, possibly allowing unequal segregations 
of chromosomes, also cause tumorigenic transformation of 
cells in vitro. In this review, the recent publications investigat- 
ing aneuploidy in human cancers, rate of chromosome instabil- 
ity in aneuploidy tumor cells, and genes implicated in regulat- 
ing chromosome segregation found mutated in cancer cells 
are discussed. Curr Opto Oncol 2000, 12:82-66 O 3000 Lippincott Williams 
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Cancer research over rhe past decade has firmly estab- 
lished that malignant cells accumulate a large number of 
genetic mutations thac affect differentiation, prolifera- 
tion, and cell death processes. In addition, it is also 
recognized that most cancers arc clonal, although they 
display extensive heterogeneity with respect to kary- 
otypes and phenotypes of individual clonal populations. 
It is estimated that numeric chromosomal imbalance, 
referred to as aneuploidy* is the most prevalent genetic 
change recorded among over 20,000 solid tumors 
analyzed thus far f I]. Phenotypic diversity of the clonal 
populations in individual tumors involve differences in 
morphology, proliferative properties, antigen expression, 
drug sensitivity, and metastatic potentials. It has been 
proposed that an underlying acquired genetic instability 
is responsible for the multiple mutations detected in 
cancer cells that lead to tumor heterogeneity and 
progression (2]. In a somewhat contradictory argument, 
it has also been suggested that clonal expansion due to 
selection of cells undergoing normal rates of mutation 
can explain malignant transformation and progression 
process in humans Acquired genetic instability, 
nonetheless, is considered important for more rapid 
progression of the disease [4**j. Although the original 
hypothesis on genetic instability in cancer primarily 
focused on chromosome imbalances in the form of aneu- 
ploidy in tumor cells, the actual relevance of such muta- 
tions in cancer remains a controversial issue. 

Whether or not aneuploidy contributes to the malignant 
transformation and progression process has long been 
debated. A prevalent idea on genetics of cancer referred 
to as "somatic gene mutation hypothesis" contends that 
gene mutations at the nucleotide level alone can cause 
cancer by either activating cellular proto-oncogencs to 
dominant cancer causing oncogenes and/or by inactivat- 
ing growth inhibitory tumor suppressor genes. In this 
scheme of things chromosomal instability* in the form of 
aneuploidy is a mere consequence rather than a cause of 
malignant transformation and progression process. 

In this review, some of the recent observations on the 
subject arc discussed and compelling evidence is 
provided to suggest that aneuploidy is a distinct form of 
genetic instability in cancer that frequently correlates 
with specific phenotypes and stages of the disease. 
Furthermore, discrete genetic targets affecting chromo- 
somal stability in cancer cells, recently identified, arc 
also discussed. These data provide a new direction 
toward elucidating the molecular mechanisms rcsponsi- 
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ble for induction of ancuploidy in cancer and may even- 
tually be exploited as novel therapeutic targets in the 
future. 

Genetic alterations In cancer 

Alterations in many genetic loci regulating growth, 
senescence, and apoptosis, identified in tumor cells, 
have led to the current understanding of cancer as a 
genetic disease. The genetic changes identified in 
tumors include; subtle mutations in genes at the 
nucleotide level; chromosomal, translocations leading to 
structural rearrangements in genes; and numeric 
changes in either partial segments of chromosomes or 
whole chromosomes (ancuploidy) causing imbalance in 
gene dosage. 

For the purpose of this review, both segmental and whole 
chromosome imbalances leading to altered DNA dosage 
in cancer cells arc included as examples of ancuploidy. 

Incidence of aneuploidy in cancer 

Evidence of aneuploidy involving one or more chromo- 
somes have been commonly reported in human tumors. 
Although these observations were initially made using 
classic cytogenetic techniques late in a tumor's evolu- 
tion and were difficult to correlate with cancer progres- 
sion, more recent studies have reported association of 
specific nonrandom chromosome ancuploidy with 
different biologic properties such as loss of hormone 
dependence and metastatic potential [5]. 

Classic cytogenetic studies performed on tumor cells 
had serious limitations in scope because they were 
applicable only to those cases in which mitotic chromo- 
somes could be obtained. Because of low spontaneous 
rates of cell division in primary tumors, analyses 
depended on cells either derived selectively from 
advanced metastases or those grown in vitro for variable 
periods of time. In both instances, metaphases analyzed 
represented only a subset of primary tumor cell popula- 
tion. Two major advances in cytogenetic analytic tech- 
niques, in situ hybridization (TSH) and comparative 
genomic hybridization <CGH), have allowed better reso- 
lution of chromosomal aberrations in freshly isolated 
tumor cells (6]. ISH analyses with chromosome-specific 
DNA probes a powerful adjunct to metaphasic analysis, 
allows assessment of chromosomal anomalies within 
tumor cell populations in the contexts of whole nuclear 
architecture and tissue organization. CGH allows 
genome wide screening of chromosomal anomalies 
without the use of specific probes even in the absence 
of prior knowledge of chromosomes involved. Although 
both techniques have certain limitations in terms of 
their resolution power, they nonetheless provide a 
better approximation of chromosomal changes occurring 
among tumors of various histology, grade, and stage 
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compared with what was possible with the classic Cyto- 
genetic techniques. Genomic ploidy measurements 
have also been performed at the DNA level with flow 
cytometry and cytofluoromecric methods. Although 
these assays underestimate chromosome ploidy due to a 
chromosomal gain occasionally masking a chromosomal 
loss in the same cell, several studies using these 
methods have supported the conclusion that DNA 
aneuploidy closely associates with poor prognosis in 
various cancers [7.8]. This discussion of some recent 
examples published on aneuploidy in cancer includes 
discussion of studies dealing with DNA ploidy measure- 
ments as well. Most of these observations are correlative 
without direct proof of specific involvement of genes on 
the respective chromosomes. Identification of putative 
oncogenes and tumor suppressor genes on gained and 
lost chromosomes in aneuploid tumors, however, arc 
providing strong evidence that chromosomes involved in 
aneuploidy play a critical role in the tumorigenic 
process. 

In renal tumors, cither segmental or whole chromosome 
aneuploidy appears to be uniquely associated with 
specific histologic subtypes [9]. Tumors from patients 
with hereditary papillary renal carcinomas (HPRC) 
commonly show trisomy of chromosome 7, when 
analyzed by CGH. Germline mutations of a putative 
oncogene MET have been detected in patients with 
HPRC. A recent study [10] has demonstrated that an 
extra copy of chromosome 7 results in nonrandom dupli- 
cation of the mutant MKT allele in HPRC, thereby 
implicating this trisomy in tumorigenesis. The study 
suggested that mutation of MET may render the cells 
more susceptible to errors in chromosome replication, 
and that clonal expansion of cells harboring duplicated 
chromosome 7 reflects their proliferative advantage. In 
addition to chromosome 7, trisomy of chromosome 17 in 
papillary tumors and also of chromosome R in mesoblas- 
tic nephroma arc commonly seen. Association of specific 
chromosome imbalances with benign and malignant 
forms of papillary renal tumors, therefore, not only 
contribute to an understanding of tumor origins and 
evolution, but also implicate aneuploidy of the respec- 
tive chromosomes in the tumorigenic transformation 
process. 

In colorectal tumors, chromosome aneuploidy is a 
common occurrence. In fact, molecular allclotyping 
studies have suggested that limited karyotyping data 
available from these tumors actually underestimate the 
true extent of these changes. Losses of heterozygosity 
reflecting loss of the maternal or paternal allele in 
tumors are widespread and often accompanied by a gain 
of the opposite allele. Therefore, for example, a tumor 
could lose a maternal chromosome while duplicating 
the same paternal chromosome, leaving the tumor cell 
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with a normal karyotype and ploidy but an aberrant 
allclotypc. It has been estimated that cancer of the 
colon, breast, pancreas, or prostate may lose an average 
of 25% of its alleles. It is not unusual to discover that a 
tumor has lost over half of its alleles |4|. In clinical 
settings, DNA ploidy measurements have revealed that 
DMA ancuploidy indicates high risk of developing 
severe prcmalignant changes in patients with ulcerative 
colitis, who arc known to have an increased risk of 
developing colorectal cancer [1 11. DNA ancuploidy has 
been found to be one of the useful indicators of lymph 
node metastasis in patients with gastric carcinoma and 
associated with poor outcome compared with diploid 
cases [12,13]. CGII analyses of chromosome ancu- 
ploidy, on the other hand, was reported to correlate gain 
of chromosome 20q with high tumor S phase fractions 
and loss of 4q with low tumor a pop to tic indices [14]. 
Ancuploidy of chromosome 4 in metastatic colorectal 
cancer has recently been confirmed in studies that used 
unbiased DNA fingerprinting with arbitrarily primed 
polymerase chain reactions to detect moderate gains 
and losses of specific chromosomal DNA sequences 
[15]. The molecular karyotype (amplotypc) generated 
from colorectal cancer revealed that moderate gains of 
sequences from chromosomes 8 and 13 occurred in 
most tumors, suggesting that ovcrreprcscntation of 
these chromosomal regions is a critical step for metasta- 
tic colorectal cancer. 

In addition to being implicated in tumorigenesis and 
correlated with distinct tumor phenotypes, chromosome 
ancuploidy has been used as a marker of risk assessment 
and prognosis in several other cancers. The potential 
value of aneuploidy as a noninvasive tool to identify 
individuals at high risk of developing head and neck 
cancer appears especially promising. Interphase fluores- 
cence in situ hybridization (FISH) revealed extensive 
ancuploidy in tumors from patients with head and neck 
squamous cell carcinomas (HNSCC) and also in clini- 
cally normal distant oral regions from the same individu- 
als [16,17]. It has been proposed that a panel of chromo- 
some probes in FISH analyses may serve as an 
important tool to detect subclinical tumorigenesis and 
for diagnosis of residual disease. The presence of aneu- 
ploid or tctraploid populations is seen in 90% to 95% of 
esophageal adenocarcinomas, and when seen in 
conjunction with Barrett's esophagus, a prcmalignant 
condition, predicts progression of disease [18,19]. 
Chromosome ploidy analyses in conjunction with loss of 
heterozygosity and gene mutation studies in Barrett's 
esophagus reflect evolution of neoplastic cell lineages in 
vivo [20]. Evolution of neoplastic progeny from Barrett's 
esophagus following somatic genetic mutations 
frequently involves bifurcations and loss of hetcrozvRos- 
ity at several chromosomal loci leading to ancuploidy 
and cancer. Accordingly, it is hypothesized that during 



tumor cell evolution diploid cell progenitors with 
somatic genetic abnormalities undergo expansion with 
acquired genetic instability. Such instability, often 
manifested in the form of increased incidence of ancu- 
ploidy, enters a phase of clonal evolution beginning in 
prcmalignant cells that proceeds over a period of time 
and occasionally leads to malignant transformation. The 
clonal evolution continues even after the emergence of 
cancer. 

The significance of DNA and chromosome ancu- 
ploidy in other human cancers continue to be evalu- 
ated. Among papillary thyroid carcinomas, ancuptoid 
DNA content in tumor cells was reported to correlate 
with distant metastases, reflecting worsened progno- 
sis [21 1. Genome wide screening of follicular thyroid 
tumors by CGH, on the other hand, revealed. frequent 
loss of chromosome 22 in widely invasive follicular 
carcinomas [22]. Chromosome copy number gains in 
invasive neoplasm compared with foci of ductal carci- 
noma in situ (DCIS) with similar histology have been 
proposed to indicate involvement of ancuploidy in 
progression of human breast cancer [23]. ISH analyses 
of cervical intraepithelial neoplasia has provided 
suggestive evidence that chromosomes 1, 7 and X 
ancusomy is associated with progression toward cervi- 
cal carcinoma [24]. 

Although the prognostic value of numeric aberrations 
remains a matter of debate in human hematopoietic 
neoplasia, there have been recent studies to suggest that 
the presence of monosomy 7 defines a distinct subgroup 
of acute myeloid leukemia patients [25]. It is interesting 
in this context that therapy-related myelodysplasia- 
syndromes have been reported to display monosomy 5 
and 7 karyotypes, reflecting poor prognosis [26). 

The clinical observations, mentioned previously, arc 
supported by in vitro studies in human and rodent cells in 
which aneuploidy is induced at early stages of transforma- 
tion [27,28]. It is even suggested that ancuploidy may 
cause cell immortalization, in some instances, that is a 
critical step proceeding transformation. 

Finally, in an interesting study to develop transgenic 
mouse models of human chromosomal diseases, chromo- 
some segment specific duplication and deletions of the 
genome were reported to be constructed in mouse 
embryonic stem cells [29]. Three duplications for a 
portion of mouse chromosome 1 1 syntenic with human 
chromosome 17 were established in the mouse 
germline. Mice with 1Mb duplication developed corneal 
hyperplasia and thymic tumors. The findings represent 
the first transgenic mouse model of ancuploidy of a 
defined chromosome segment that documents the direct 
role of chromosome ancusomy in tumorigenesis. 
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Aneuploidy as dynamic cancer-causing 
mutation" Instead of a "consequential state" 
in cancer 

According to the hypothesis previously discussed, aneu- 
ploidy represents either a "gain of function" or "loss of 
function* 1 mutation at the chromosome JevcJ with a 
causative influence on the tumorigenesis process. The 
hypothesis, however, is based only on circumstantial 
evidence even though existence of aneuploidy is corre- 
lated with different tumor phenotypes. The existence of 
njimeric chromosomal alterations in a tumor docs not 
mean that the change arose as a dynamic mutation due 
to genomic instability, because several factors could lead 
to consequential aneuploidy in tumors, also. Although 
aneuploidy as a dynamic mutation due to genomic insta- 
bility in tumor cells would occur at a certain measurable 
rate per cell generation* a consequential state of aneu- 
ploidy in tumors may not occur at a predictable rate 
under similar conditions or in tumors with similar 
phenotypes. In addition to genomic instability, differ- 
ences in environmental factors with selective pressure, 
could explain high incidence of aneuploidy and other 
somatic mutations in tumors compared with normal cells 
[4]. These include humoral, cell substratum, and ccll- 
ccll interaction differences between tumor and normal 
cell environments. It could be argued that despite 
similar rates of spontaneous aneuploidy induction in 
normal and tumor cells, the latter are selected to prolif- 
erate due to altered selective pressure in the tumor cell 
environment, whereas the normal cells arc eliminated 
through activation of apoptosis. Alternatively, of course, 
one could postulate that selective expression or overcx- 
pression of anti-apoptotic proteins or inactivation of 
proapoptotic proteins in tumor cells may counteract 
default induction of apoptosis in G2/M phase cells 
undergoing missegrcgation of chromosomes. Recent 
demonstration of ovcrcxprcssion of a G2/M phase anti- 
apoptotic protein survivin in cancer cells [30] suggests 
that this protein may favor aberrant progression of aneu- 
ploid transformed cells through mitosis. This would 
then lead to proliferation of aneuploid cell lineages, 
which may undergo clonal evolution. 

To ascertain that aneuploidy is a dynamic mutational 
event, various human tumor cell lines and transformed 
rodent cell lines have been analyzed for the rate of 
aneuploidy induction. When grown under controlled in 
vitro conditions, such conditions ensure that environ- 
mental factors do not influence selective proliferation of 
cells with chromosome instability. In one study, 
LcngaucrV/tf/. [31 •) provided unequivocal evidence by 
FISH analyses that losses or gains of multiple chromo- 
somes occurred in excess of 10*' per chromosome per 
generation in aneuploid colorectal cancer cell lines. The 
study further concluded that such chromosomal instabil- 
ity appeared to be a dominant trait. Using another in 
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vitro model system of Chinese hamster embryo (CHE) 
cells, Duesbcrg et aL [32*1 have also obtained similar 
results. With clonal cultures of CHE cells, transformed 
with nongenotoxic chemicals and a mitotic inhibitor, 
these authors demonstrated chat the overwhelming 
majority of the transformed colonies contained more 
than 50% aneuploid cells, indicating chat aneuploidy 
would have originated from the same cells that under- 
went transformation. All the transformed colonies tested 
were tumorigenic. It was further documented that the 
ploidy factor representing the quotient of the modal 
chromosome number divided by the normal diploid 
number, in each clone, correlated directly with the 
degree of chromosomal instability. Therefore, chromo- 
somal instability was found proportional to the degree of 
aneuploidy in the transformed cells and the authors 
hypothesized that aneuploidy is a unique mechanism of 
simultaneously altering and destabilizing, in a massive 
manner, the normal cellular phenotypes. In the absence 
of any evidence that the transforming chemicals used in 
the study did not induce other somatic mutations, it is 
difficult to rule out the contribution of such mutations 
in the transformation process. These results nonetheless 
make a strong case for aneuploidy being a dynamic chro- 
mosome mutation event intimately associated with 
cancer. 

Aneuploidy versus somatic gene mutation In 
cancer 

The idea that numeric chromosome imbalance or aneu- 
ploidy is a direct cause of cancer was proposed at the 
turn of the century by Theodore Bovcri [33|. However, 
the hypothesis was largely ignored over the last several 
decades in favor of the somatic gene mutation hypothe- 
sis, mentioned earlier. Evidence accumulating in the 
literature lately on specific chromosome ancusomtcs 
recognized in primary tumors, incidence of aneuploidy 
in cells undergoing transformation, and aneuploid tumor 
cells showing a high rate of chromosome instability have 
led to the rejuvenation of Boveri's hypothesis. The 
concept has recently been discussed as a "vintage wine 
in a new bottle" [34*]. The author points out that 
except for rare cancers caused by dominant retroviral 
oncogenes, diploidy does not seem to occur in solid 
tumors, whereas aneuploidy is a rule rather than excep- 
tion in cancer. 

Aneuploidy as an effective mutagenic mechanism 
driving tumor progression, on the other hand, is being 
recognized as a viable solution to the paradox that with 
known mutation rate in non-germline ceils (~10~ 7 per 
gene per cell generation) tumor cell lineages cannot 
accumulate enough mutant genes during a human life- 
time [35]. The concept is gaining significant credibility 
since genes that potentially affect chromosome segrega- 
tion were found mutated in human cancer. Some of 
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these genes have also been shown to have transforming 
capability in in vitro assays. Selected recent publications 
describing the findings are being discussed below in 
reference to the mitotic targets potentially involved in 
inducing chromosome segregation anomalies in cells. 

Potential mitotic targets and molecular 
mechanisms of aneuploidy 

Because aneuploidy represents numeric imbalance in 
chromosomes, it is reasonable to expect that aneuploidy 
arises due to missegregation of chromosomes during cell 
division. There arc many potential mitotic targets, 
which could cause unequal segregation of chromosomes 
(Fig. f). Recent investigations have identified several 
genes involved in regulating these mitotic targets and 
mitotic checkpoint functions, which can be implicated 
in induction of aneuploidy in tumor cells. This discus- 
sion is restricted to those mitotic targets and checkpoint 
genes whose abnormal functioning has been observed in 
cancer or has been shown to cause cumorigenic transfor- 
mation of cells, in recent years. The role of telomeres is 
discussed elsewhere in this issue. For a more detailed 
description of the components of mitotic machinery and 
their possible involvement in causing chromosome 
segregation abnormalities in tumor cells, readers may 
refer to a recently published review [36«]. 

Among the mitotic targets implicated in cancer, ccntro- 
somc defects have been observed in a wide variety of 
malignant human tumors. Centrosomcs play a central role 
in organizing the microtubule network in interphase cells 
and mitotic spindle during cell division. Multipolar 
mitotic spindles have been observed in human cancers in 
situ and abnormalities in the form of supernumerary 



Figure 1. Potential mitotic targets causing aneuploidy In 
oncogenesis 
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Diagram itustrates that defects in several processes involving chromosomal, 
spindle microtubule, and centrotomal targets, in addition to abnormal cytokine- 
sis, may cause unequal partitioning of chromoaomee during mitosis, leading to 
aneuptoidy. Recently obtained evidence in tavor of some of these poss&Hhiei b 
discussed inthetexL 



centrosomcs, centrosomcs of aberrant size and shape as 
well as aberrant phosphorylation of ccntrosome proteins 
have been reported in prostate, colon, brain, and breast 
tumors (37,38]. In view of the findings that abnormal 
centrosomcs retain the ability to nucleate microtubules in 
vitro, it is conceivable that cells with abnormal centro- 
somcs may missegregatc chromosomes producing ancu- 
ploid cells. The molecular and genetic bases of abnormal 
centrosomc generation and the precise pathway through 
which they regulate the chromosome segregation process 
remain to be elucidated. Recent discovery of a cenrro- 
somc-associated kinase STK15/BTAK/aurora2, naturally 
amplified and overexpressed in human cancers, has raised 
the interesting possibility that aberrant expression of this 
kinase is critically involved in abnormal ccntrosome func- 
tion and unequal chromosome segregation in tumor cells 
[39,40]. Exogenous expression of the kinase in rodent and 
human cells was found to correlate with an abnormal 
number of centrosomcs, unequal partitioning of chromo- 
somes during division, and tumorigenic transformation of 
cells. It is relcvanrin this context to mention rhat the 
Xenopus homologuc of human STK15/BTAK/aurora2 
kinase has recently been shown to phosphorylate a micro- 
tubule motor protein XIKgS, the human orthologuc of 
which is known to participate in the ccntrosome separa- 
tion during mitosis (41 ]. Findings on STK15/aurora2 
kinase, thus, provide an interesting lead to a possible 
molecular mechanism of cenrrosomc's role in oncogene- 
sis. Centrosomcs have, of late, been implicated in onco- 
genesis from studies revealing supernumerary cenrro- 
somes in ^-deficient fibroblasts and overexprcssion of 
another ccntrosome kinase PLK1 being detected in 
human non-small cell lung cancer [42]. 

One of the critical events that ensures equal partition- 
ing of the chromosomes during mitosis is the proper 
and timely separation of sister chromatids thac arc 
attached to each other and to the mitotic spindle. 
Untimely separation of sister chromatids has been 
suspected as a cause of aneuploidy in human tumors. 
Cohesion between sister chromatids is established 
during replication of chromosomes and is retained until 
the next mctaphasc/anaphase transition. It has been 
shown that during mctaphasc-anaphase transition, the 
anaphase promoting complex/cyclosome triggers the 
degradation of a group of proteins called sccurins that 
inhibit sister chromatid separation. A vertebrate securin 
(v-securin) has recently been identified that inhibits 
sister chromatid separation and is involved in transfor- 
mation and tumorigencsis. Subsequent analysis 
revealed that the human securin is identical to the 
product of the gene called pituitary tumor transforming 
gene, which is overcxpressed in some tumors and 
exhibits transforming activity in NIH3T3 cells. It is 
proposed that elevated expression of the v-sccurin may 
contribute to generation of malignant tumors due to 
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chromosome gain or loss produced by errors in chro- 
matid separation 143»]« 

Normal progression through mitosis during prophase to 
anaphase transition is monitored at least at two check- 
points; One checkpoint operates during early prophase 
at G2 to meraphasc progression while the second 
ensures proper segregation of chromosomes during 
mctaphasc to anaphase transition. Several mitotic 
checkpoint genes responding to mitotic spindle defects 
have been identified in yeast. The mctaphase-anaphasc 
transition is delayed following activation of this check- 
point during which kinetochorcs remain unattached to 
the spindle. The signal is transmitted through a kineto- 
chorc protein complex consisting of Mpslp and several 
Mad and Bub proteins (44). It is expected that for 
unequal chromosome segregation to be perpetuated 
through cell proliferation cycles giving rise, to aneu- 
ploidy, checkpoint controls have to be abrogated. 

Following this logic, Vogelstcin etal. [4S m ] hypothesized 
that ancuploid tumors would reveal mutation in mitotic 
spindle checkpoint genes. Subsequent studies by these 
investigators have proven the validity of this hypothesis 
and a small fraction of human colorectal cancers have 
revealed the presence of mutations in either hBubl or 
hBubRl checkpoint genes. It was further revealed that 
mutant BUBl could function in a dominant negative 
manner conferring an abnormal spindle checkpoint 
when expressed cxogenously. Inactivation of spindle 
checkpoint function in virally induced leukemia has also 
recently been documented following the finding that 
hMADl checkpoint protein is targeted by the Tax 
protein of the human T-cell leukemia virus type 1. 
Abrogation of hMADl function leads to multinuclcation 
and aneuploidy [46]. 

In addition to mitotic spindle checkpoint defects* failed 
ONA damage checkpoint function in yeast is frequently 
associated with aberrant chromosome segregation as 
well. It, therefore, appears intriguing yet relevant that 
the human BRCAI gene, proposed to be involved in 
DNA damage checkpoint function, when mutated by a 
targeted deletion of exon 1 1 led to defective G2/M cell 
cycle checkpoint function and genetic instability in 
mouse embryonic fibroblasts f47]. The cells revealed 
multiple functional centrosomcs and unequal chromo- 
some segregation and aneuploidy. Although the molecu- 
lar basis for these abnormalities is not known at this 
time, it raises the interesting possibility that such an 
ancuploidy-drivcn mechanism may be involved in 
tumorigencsis in individuals carrying germlinc muta- 
tions of BRCA I gene. 
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Conclusion 

Growing evidence from human tumor cytogenetic inves- 
tigations strongly suggest that aneuploidy is associated 
with the development of tumor phenorypes. Clinical 
findings of correlation between aneuploidy and tumori* 
genesis are supported by studies with in vhro grown 
transformed cell lines. Molecular genetic analyses of 
tumor cells provide credible evidence that mutations in 
genes controlling chromosome segregation during 
mitosis play a critical role in causing chromosome insta- 
bility leading to aneuploidy in cancer. Further elucida- 
tion of molecular and physiologic bases of chromosome 
instability and aneuploidy induction could lead to the 
development of new therapeutic approaches for 
common forms of cancer. 
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